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ABSTRACT 
With planar nearfield acoustic holography (NAH), the complex acoustic pressure and the 
three components of the acoustic velocity vector can be estimated on a plane near a complex 
source surface to identify individual noise sources. However, there are often intermediate 
sources between the measurement plane and the primary source plane. The NAH technique 
in its classical form cannot be extended past the intermediate source. A method will be 
presented to remove the intermediate sources, so that NAH can be extended to the surface of 
the primary source. The normal velocity at the surf ace of an intermediate source is used to 
estimate the complex pressure due to the intermediate source on the measurement plane, 
which is then subtracted from the measured data, providing an estimate of the measured 
sound pressure, if the intermediate source was not present. NAH is then used to project to 
the surface of the primary source. The source removal process was tested with simulated and 
measured data. Results for two methods to estimate the pressure caused by the intermediate 
source, inverse NAH and a point source approximation, will be presented. Also, a third 
method of source removal based on approximating the intermediate source as a force 
distribution function in the wave equation is also presented. The results show the 
effectiveness and limitations of the source removal process. 
I 
1 INTRODUCTION AND BACKGROUND 
Throughout metropolitan and rural areas there are human made noise sources cars, 
trucks, airplanes, factories, trains, motorcycles, oil refineries, etc. Many angry citizens, 
whose quality of life is affected by noise, complain to the government authorities 
demanding a reduction in the amount of environmental noise. Also noise in the work place 
can lower productivity and cause hearing loss. Based on these criteria and many others, it 
is necessary to reduce the amount of noise coming out of today's noisy environment. 
1.1 Background 
In general, there are two approaches to noise control: path control and source control. 
Path control does not reduce the strength of the noise source, but rather blocks the sound 
from reaching the receiver, such as a person. Enclosures can effectively control path noise; 
however, enclosing an oil refinery is very expensive. Source control focuses on reducing 
the strength of the noise source, so that path control is not needed. In general, source 
control is the most effective means of noise control. For example, equipping an oil 
refinery with quiet machinery precludes the need for an enclosure. 
In Boston Massachusetts, the interstate is going to have a ten-mile long enclosure, a 
tunnel, partly to reduce unwanted noise. That enclosure is an expensive solution. In 
general, industry needs quiet equipment, so that expensive path control can be avoided. 
One of the key steps in source noise control is to clearly identify and rank order all 
noise sources. If the sources are not identified or ranked, then the source noise control is 
often a trial and error process that is not effective. However, once identified and ranked, 
the physical mechanisms for the noise sources can be understood. Understanding leads to 
precise noise control solutions that target noise sources that must be reduced. Targeted 
noise control solutions are typically very effective and have a lower cost than trial and 
error noise control solutions that are not directed at the key noise sources. 
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The research discussed in this thesis improves the capability of nearfield acoustical 
holography (NAH) a tool to locate and rank noise sources; therefore, while not directly 
working on noise control solutions, this thesis contributes to noise control solutions by 
increasing the effectiveness of tools used in the noise control process. 
1.2 Noise Source Identification 
Noise sources can be classified into structure borne and air borne. Structure borne noise 
comes from a vibrating structure. Air borne noise comes from air contacting a surface or 
noise emanating from a turbulent flow. For example, flow noise, which is inside a pipe, 
will cause the pipe to vibrate then radiate noise into the air from the pipe. Sources such as 
air borne noise can move with the fluid and are therefore sources that move with time. 
Both structural borne noise and air borne noise sources can be difficult to accurately locate; 
moreover, quantifying the amount of noise radiating from noise sources in a reverberant 
environment is even more difficult 
Methods of noise source identification can be classified as computational prediction 
methods and experimental methods. Some prediction methods include finite element 
modeling, boundary element modeling, and modal analysis at lower frequencies, and 
statistical energy analysis (SEA) at higher frequencies. These prediction models require a 
good knowledge of the system, often obtained from experimental data. The prediction 
models can also be effectively used for designing noise control solutions. Some 
experimental methods of locating noise sources include vibration measurements with 
accelerometers, sound intensity measurement (Fahy 1995) ( developed in the 1980' s ), laser 
vibrometry, correlation and spectral analysis (Bendat and Piersol 1980), and nearfield 
acoustical holography (NAH) (Williams 1999) (developed in the 1980's and 1990's). 
These experimental methods provide accurate data usually in a timely manner; however, 
they are limited in the scope of the information provided for noise source analysis. 
The prediction models, for example, finite element models and boundary element 
models can be computationally challenging and time consuming (Ciskowski and Brebbia 
1991 ). The number of elements limits the accuracy of these methods. Also structural 
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vibrations are difficult to model; so new machines must be tested to verify and tune the 
computational model. SEA is a new approach, which is difficult to implement, but has 
made dramatic improvements to sound analysis in the higher frequencies (Lyon and 
DeJong 1995). Modal analysis is a well-developed computational and experimental tool 
that is most effective at lower frequencies. 
For experimental source identification, Sound intensity mapping gives information 
about how the sound is traveling at every point around the noise source. Sound intensity 
does not give direct information as to the exact location of the vibration or the exact 
vibration of the structure. When measured in close proximity to a sound source, the sound 
intensity data can be used to identify areas of the source that are radiating significant 
amounts of sound (Louyou and Pascal 1988). The sound radiation can be quantified with 
sound power, to rank order each identified sound source. While sound intensity 
measurements are a very powerful tool for source identification, they are time-consuming 
measurements and are limited to a distance away from the source as defined by the 
geometric limit of the intensity probe. At times, this distance can reduce the effectiveness 
of the source location capability of sound intensity measurements (Mann and Pascal 1992). 
NAH can give information at the surface of a vibrating structure, much closer than 
sound intensity measurements (Maynard and Williams 1985). Also NAH can produce 
many other significant pieces of information to be discussed later. There are however two 
severe limitations with NAH. NAH is effectively implemented on planar, cylindrical, or 
spherical sources, and cannot be used to see past intermediate noise sources. Reducing 
these limitations in NAH is the subject of this research, since NAH is such a powerful 
measurement technique for noise source identification and ranking. 
1.3 Rank Ordering Noise Sources 
To rank order noises sources it is necessary to quantify the amount of sound radiating 
from each noise source independently of the other sources. Structural noise coming from 
each source can be measured independently of the other sources by removing all but one 
source then exciting the one source and measuring the sound. Figure 1.1 illustrates the 
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idea. To measure the contribution of source 1, tum off sources 2 and 3 and measure the 
acoustic pressure at locations A, B, and C. To measure the contribution of source 2, turn 
off sources 1 and 3, then measure the acoustic pressure at locations A, B, and C. This 
procedure will yield the contribution of each source independently. When superposed 
these sources will have the same acoustic pressure provided that the noise sources are not 
significantly coupled. There are several methods for limiting the sound radiation to just 
one source. One can turn off noise sources or remove parts until only one noise source 
remains. If one does not wish to remove or turn off parts then it is necessary to use a 
different technique for estimating the amount of sound coming from each noise source. 
There are a variety of choices for different techniques. Accelerometers can be attached to 
the various vibrating surfaces to measure the acceleration, and velocity amplitudes at many 
frequencies to estimate how much noise the part is radiating. 
Source 1 Source 2 Source 3 
000 
Location C 
Figure 1.1 
Location A 
G) 
Noise Source Ranking 
1.4 Problem Statement 
Location B 
® 
C) 
Ford Motor Company is interested in reducing the noise radiated by internal 
combustion engines. To reduce the noise radiated by an engine, it is necessary to first 
locate the sources of the noise, then rank the noise sources by the amount of noise radiated. 
However, it is difficult to quantify the amount of sound coming out of each part of a 
complex structure such as an engine. The geometry of the engine is very complicated so 
that there are sources behind other source. For example, the exhaust manifold is in front of 
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the engine block, making it nearly impossible to identify the noise radiated by the engine 
bock with techniques such as sound intensity measurement and NAH. 
Figure 1.2 shows a Ford engine being sound tested. There are several engine parts 
shown which radiate noise that can be studied including: the exhaust manifold, belts, 
bearing, and pulleys. Unfortunately, some of these parts are in front of the engine block. 
The exhaust manifold was removed to study the sound of the engine block and other parts 
more effectively. However, it takes a great deal of time to remove parts or turn off parts 
and without the exhaust manifold the engine is not operating under normal conditions. 
Other methods for noise source identification discussed in section 1.4 do not provide 
adequate information on the engine block. So, a new method of sound testing must be 
developed to estimate the amount of sound radiating from the hidden source on the engine. 
This paper is going to describe a new tool for rank ordering the noise sources of an engine. 
The tool used will rely greatly on NAH. The intermediate source, for example the exhaust 
manifold, in the earlier example, will be removed in order to estimate the amount of sound 
radiating from the hidden source. 
1.5 Thesis Outline 
Chapter 2 will provide the theoretical background for the source removal methods and 
also background information on the NAH process. Chapter 3 will apply two-source 
removal methods to simulated data to compare inverse NAH and the point source method 
and better understand how each method performs. In chapter 4, the preferred method, the 
point source method is applied to experimental data to compare the effects of measurement 
noise. In chapter 5 the initial work on a third method for source removal is presented. 
Chapter 6 summarizes the conclusions of the work and gives recommendations for future 
work. 
Exhaust makes 
considerable amounts 
of noise. 
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The exhaust manifold 
has been removed to 
study the sound coming 
from the engine block. 
Belts and bearings 
make noise when 
loose or failing. 
Figure 1.2 Ford engine prepared to be sound tested. The exhaust manifold has been 
removed so that noise sources behind the exhaust manifold can be studied. 
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2 OVERVIEW AND THEORY OF SOURCE REMOVAL 
In this section, the source removal procedure is discussed in general. The source 
removal process relies on NAH; therefore, many of the steps in the source removal process 
are typical for standard NAH. In this chapter, special attention will be paid to those steps 
that are different from standard NAH. 
2.1 Process Overview 
The process for removing a source, illustrated in Figure 2.1, starts by collecting sound 
pressure data at a particular frequency on the measurement surface. In the case of planar 
NAH, the measurement surface is a rectangular plane with evenly spaced measurement 
points. This plane is typically parallel to the surface of the noise source being studied. 
With the distance to the intermediate source surface known, the pressure from the 
measurement plane is projected to the source surface using standard N AH procedures, step 
1 in Figure 2.1. The output from NAH is the estimated velocity and pressure distributions 
at the intermediate source surface. At this point in the process, many acoustic properties 
can be calculated. 
Now the NAH process is augmented with the source removal procedures. First the area 
that represents the intermediate source data plane must be identified, step 2 in Figure 2.1. 
Since NAH creates spatial spreading of the velocity and sources radiate sound at an angle, 
the physical size of the intermediate source alone cannot be used to determine the area 
representing the intermediate source. Knowing the geometry of the intermediate source is 
a critical starting point; however, studying plots of the pressure and velocity in db and 
linear scales is required to identify the area on the intermediate source plane representing 
the intermediate source. At this point, the velocity of the intermediate source alone has 
been estimated. In the next step, the reconstructed pressure due to the intermediate source 
is calculated. 
With the estimate of the intermediate source velocity, the pressure on the measurement 
plane due to the intermediate source can be estimated, step 3 in Figure 2.1, using three 
Measured Pressure on 
Measurement Plane 
...0,, Step 1: NAB 
Velocity on 
Intermediate Source Plane 
to represent 
Intermediate 
...0,, Step 3: Inverse NAH, Point Source Method, 
or f Method 
Estimated Pressure from Intermediate 
source on the Measurement Plane 
I 
8 
..... 
Pressure on Measurement Plane 
Due to Hidden Source Alone 
...0,, Step 5: NAB 
Velocity ofHidden Source 
on the Hidden Source Plane 
Velocity of 
Hidden Source 
Residual Velocity of the 
Intermediate Source 
Step 4: Subtract Intermediate 
Source Pressure 
Figure 2.1 In this source removal process flow diagram, steps 2, 3, and 4 represent the 
source removal process developed in this thesis. 
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methods: inverse NAH, the point source method, and the fmethod. The first two methods 
are discussed in detail in section 2.2. The f method is discussed in chapter 5. The output 
of the pressure reconstruction will be the sound pressure on the measurement surface due 
to what was assumed to be the intermediate source alone. 
The last step, estimating the sound pressure of the hidden source, is calculated by 
subtracting the estimated pressure from the intermediate source from the original measured 
pressure, step 4 in Figure 2.1. The new pressure is an estimate of the pressure without the 
intermediate source present. One can estimate the pressure and velocity of the hidden 
source by projecting the new pressure to the hidden source plane using standard NAH 
practices, step 5 in Figure 2.1. 
There are many inherent limitations to the source removal method. The issues and 
limitations of the point source method and the inverse NAH method will be discussed in 
detail in chapter 3. In the next section, the background information for NAH will be 
developed. 
2.2 Projecting to the Intermediate Source Plane 
This section will describe the process ofNAH in general terms and specifically with 
some equations describing planar NAH. The filtering and windowing ofNAH 
measurement data will also be described. 
2.2.1 NAH 
The main attraction of NAH is its ability to relate pressure and velocity everywhere to 
the pressure that is measured on a surface. NAH comes from the Hemlholtz-Huygens 
integral in free space, (Morse and Feschbach 1953) 
p(r) = -1 l[Gk(r lr0)Vop(r0)- p(r0)V0Gk(r lr0)]•dS0 41l" j 2.1 
where p(r) is the complex time averaged measured pressure, Gk is the Green's function, 
and p(r0 ) is the complex pressure on the source surface. The source is treated as a 
boundary, hence So is the source surface, although modeled as a boundary condition. 
Through Euler's equation, V p(r0 ) is proportional to the velocity on the source surface. 
NAH is a process that uses the measured pressure and known Green's functions to 
invert the integrals in Equation 2.1 to determine both the pressure and velocity on the 
source surface. Generally, only simple geometries and boundary shapes are used with 
NAH (Williams 1999). For example planar, cylindrical, and spherical geometries are well 
studied and work quite well, because the NAH process can be developed analytically. For 
more complex shapes, conformal NAH has been developed (Williams 1999), but it is 
difficult to implement and requires large computational resources. This thesis will look 
only at planar NAH. 
Planar NAH uses a plane wave decomposition of the pressure ink-space. The wave 
number components for a plane wave traveling in a direction with a unit vector are 
- k (k) +ky] +k)) 
n = FIi = llkll 2.2 
where i, ] , and k are unit vectors pointing in the directions of increasing x, y, and z 
respectively. The acoustic wave number, k is defined as k=co/c, when co is the circular 
frequency, c is the speed of sound, and kx, kY , and kz are the wave numbers in the x, y, 
and z directions. The components of the wave number along the x-axis are related to the 
wavelength along the x-axis, k, = 2;. Similar formulas for the other axes can be written. 
X 
Pressure on the measurement plane is decomposed into plane waves ink-space using a 
two-dimensional Fourier transform. The Green's function Gk for the plane waves has a 
homogeneous Dirichlet boundary condition at the source plane (Maynard 1985). With the 
homogeneous Dirichlet Green's function and the plane wave decomposition of the 
pressure, integration of the Helmholtz-Huygens integral can be performed with the aid of 
the Fourier transform. K-space is the spatial frequency space, where the pressure and 
velocity are written as functions of kx, kY, and kz by transforming functions of x, y, and z. 
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So the pressure ink-space is P(kx, kY, z )= Fx {FY {p(x, y, z )}}, where Fx is the Fourier 
transform in the x direction and FY is the Fourier transform in they direction. 
Using the Helmholtz-Huygens integral and the homogeneous Dirichlet Green's 
function, then plane waves on the measurement plane and any plane at z can be related, 
(Williams 1999) 
2.3 
where P(kx, ky, z) is the complex measured pressure ink-space at z, P(kx, ky, zJ is the 
complex pressure ink-space on the measurement plane at zc, and /k z (z-zc) is called the 
propagator between the measurement plane and the plane at z. Therefore, the pressure in 
k-space on the measurement plane is related to the pressure on every plane parallel to the 
measurement plane with Equation 2.3. 
In the process of taking the two-dimensional spatial Fourier transform of the measured 
pressure, the spatial variables x and y are replaced by the variables kx and kY; however, 
Equation 2. 2 also needs k z . V sing the acoustic wave equation, (Williams 1999) an 
expression for kz can be derived in terms of kx and kY and the acoustic wave number k, 
2.4 
Note that Equation 2.4 is only possible, because the sound pressure satisfies the linearized 
wave equation. 
Using Euler's equation, v = _v p , where, v is the particle velocity, and taking a two-
1 w p 
dimensional Fourier transform of Euler's equation, the velocity vector ink-space is related 
to the pressure ink-space, (Williams 1999) 
- ( k J + k y J + k z k )P ( k X ' k y ' z C ) e i k z ( z-Zc ) 
V( kx, ky, z) = -------------
wp 
2.5 
12 
where, Vis the k-space velocity vector, i, } , and k are unit vectors pointing in the 
directions of increasing x, y, and z respectively, and pis the fluid density. Using two-
dimensional inverse Fourier transforms in kx and kY on Equations 2.3 and 2.5, the pressure 
and velocity can be calculated on any plane parallel to the measurement plane. 
Once the velocity and the pressure on the source plane have been calculated much 
information about the sound radiating from the source can be produced. Table 2.1 lists 
some useful quantities computed with the pressure and velocity. This is by no means a 
complete list. 
Table 2.1 List of Some NAH Outputs 
1 The acoustic pressure field from the source to the farfield 
2 The acoustic velocity field from the source to the farfield 
3 Normal velocity of a vibrating structure 
4 The active and reactive sound intensity fields 
5 The directivity pattern of the farfield pressure 
6 The averaged sound power radiated by the structure 
7 The averaged sound power radiated by parts of the structure 
8 Acoustic impedance at the surface of the source 
9 Sound radiation efficiency to the farfield 
To implement NAH, the complex sound pressure, p(x, y, 2 0), must first be measured. In 
the case of planar NAH, the pressure must be measured on a regularly spaced rectangular 
grid. The complex pressure contains not only the amplitude of the pressure at each 
measurement point, but also the relative phase of the pressure at every measurement point. 
In many NAH systems, an array of microphones is used. Since microphones can cost 
about $2000.00 American dollars each, a grid of 128 by 128 microphones would cost 
about 3 3 million dollars. A grid of 16 by 16 would cost about half a million dollars. Since 
it is so expensive, a small grid of microphones maybe 12 by 13 are used to capture data at 
a regular spacing in a planar grid. Further savings can be made with a single microphone 
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that is moved to each measurement location in the measurement grid. In the case of a 
single microphone, a reference signal is needed so that the phase at each measurement 
point can be related. 
No matter the physical means to make the measurement, the time signal at each 
measurement location is measured. Since NAH is applied only to one frequency, then a 
time based Fourier transform of each signal is taken. The resulting complex pressure at 
each frequency is then processed by NAH. 
To apply planar NAH, the pressure is windowed and zero padded to avoid the rim 
discontinuity (Williams 1999). Next the pressure is transformed into k-space using a two-
dimensional discrete finite Fourier transform, then filtered and projected to another plane, 
using Equation 2.3. The velocity is calculated from the pressure, using Equation 2.5. The 
result is the pressure and velocity on the surface of the noise source. 
The noise generated by large industrial equipment can have many noise sources. Often 
the noise sources are hidden behind various obstructions. One such situation occurs in an 
automobile engine. In an engine, the exhaust manifold is in front of the engine block as 
shown in Figure 2.2 (Courtesy of Ellinger 1981). Noise radiates from both the exhaust 
manifold and the engine block. In this situation, the exhaust manifold is the intermediate 
source and the engine block is the hidden source. In order to estimate the amount of sound 
radiating from the engine block it is necessary to somehow project past the intermediate 
source to the hidden source. Unfortunately the pressure can only be projected to the first 
noise source encountered, since further projection violates Equation 2.1. Additionally the 
pressure exponentially grows as it is projected toward the noise sources. If one tries to 
project the pressure beyond the first noise source without removing the first noise source 
encountered, then the exponential growth of the pressure due to the intermediate source 
will invalidate the pressure estimate of the hidden sources behind the intermediate noise 
source. Another difficulty associated with the estimation of noise sources behind an 
exhaust manifold is the complicated geometry of an engine. This thesis will look at a 
means to project past the intermediate source, the exhaust manifold, to be able to project to 
the hidden source, the engine block. 
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Source removal allows projection to 
engine block surface. 
(Focus of Thesis Work) 
Schematic of using NAH to study an engine. NAH cannot project past the 
exhaust manifold. ( Courtesy of Ellinger 1981) 
2.2.2 Windowing 
Windowing is a process where data on a plane is multiplied by a weight function, a 
window, in real space. The purpose of the window is to select the feature of interest and 
not anomalies or other features . For example in the velocity data on the intermediate 
source plane, in step 2 of Figure 2.1 , the feature of interest is the intermediate source. The 
window is used to select the intermediate source so that the sound pressure radiated by the 
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intermediate source alone can be estimated. Windowing is also applied to the measured 
pressure to smooth discontinuities on the edge of the measurement plane where the 
pressure does not go to zero (Williams 1999). 
Figure 2.3 shows a schematic of the window used in this thesis. The area of the feature 
is multiplied by one and surrounding areas are multiplied by zero. To smooth the 
transition from one to zero, a rim region is used. The rim region reduces the 
discontinuities in the pressure data. The discontinuities in the pressure data cause high 
frequency noise in the Fourier transforms. Thus with the rim we are able to choose the 
features to remove and the features to keep without creating a discontinuity. The rim and 
window areas are rectangular and must stay within the aperture. 
Figure 2.3 
Aperture Rim area Window 
0 < w < I Area w = I 
t 
Area not selected 
w=O 
The window used in the NAH process and in selecting the intermediate 
source for removal. 
The windowing process involves multiplying the acoustic quantity by the window, 
Pw (x, y) =p(x, y) w(x)w(y) 2.6 
where p( x, y) it the acoustic quantity before windowing, Pw( x, y) is the acoustic quantity 
after windowing and w(x) and w(y) are window functions defined in the x and y directions. 
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A window was needed that had enough variables to select any source. A source can be 
long, short, wide, or narrow. A raised cosine Tukey window, specifically a generalization 
of the Tukey window in (Williams 1999), was used to reduce the size of the rim 
discontinuity. With (xs, ys) being the position of the source relative to the center of the 
aperture, (xc, ye) being the center of the aperture, and (xs', ys') the center of the source, 
xs = xs' -xc 
ys = ys' - ye . 
The window function of the x-coordinate is then 
w =1; 
w=0; 
w=0; 
(xs - x _ width/2 + rim _left):::; x :::; (xs + x _ width/2 - rim _right) 
x < xs - x width/2 
x > xs + x width/2 
w = 0.5(1 + cos(n-(x - xs + x_ width/2 - rim_left)/rim_left) ); 
w(x) = 
(xs - x _ width/2 < x ) & (x < xs - x _ width/2 + rim _left) 
w = 0.5(1 + cos(n-(x - x_width/2 - xs + rim_right )/rim_right) ) ; 
(xs + x _ width/2 - rim _right) < x < (xs + x _ width/2) 
w=0; otherwise 
2.7 
2.8 
2.9 
where the variables are defined in Figure 2.4 and the variable xis limited to be within the 
aperture. The window function in they-coordinate, w(y), can be defined with Equation 2. 9 
by substituting a y for x in the equation. It is worth noting that if 
. 1 ft . . h xtot nm e =nmngt=--- - 2 
. . b ytot nm top = nm ottom = --
- - 2 
x_win_size = y_win_size = 0 
x width = xtot 
y _ width = ytot 
XS= ys = 0 
then a Hanning window (Bendat and Piersol 1980) is produced, 
2.10 
2.11 
2.12 
2.13 
2.14 
2.15 
17 
y 
, Jl 
~:.:; ••••••.••• •. ·.w.•.••••••••••••••••••••••••••••••••••w XS •••••·•••,.w.•.•·•·•·•·•·•·•·•·•·•·•·•·•,.•.•.•.•.• ;'.;:: 
ytot 
··•········l···· 
I 
! 
y_wi!ih ! 
x width x width 
2 2 
;}, 
rim)op 
; 
~it 
:: 
: ............. Ji' 
y_width 
2 
ys' 
I __ ..,._ ___________________________ <i~ X 
Figure 2.4 Variables in Equations 2.7 through 2.16 used to define the Tukey window 
are shown here. The center of the source is the point(xs', ys'). 
w=l; 
w=O; 
w=O; 
(o)~x (o) 
x < 0 - xtot/2 
x > 0 + xtot/2 
w = 0.5(1 + cos(1r(x - xtot/2)/xtot/2) ); 
w(x) = (O<x )& (x <xtot/2) 
w = 0.5(1 + cos(1r(x - xtot/2 )/xtot/2)); 
( xtot/2) < x < (xtot) 
w=O; otherwise 
2.16 
A rectangular window is produced by making rim_top=rim_bottom=rim_left=rim_right=O. 
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When projecting the pressure from the measurement plane to the source plane the 
Fourier transforms require a smooth transition to zero at the edge. This effect is called the 
rim discontinuity created by the edge of the measured pressure not going to zero. It is 
therefore necessary to window the pressure of the entire aperture. In this thesis, the grid 
size was generally 32 by 32 data points and it was found that the rim area, about four or 
five data points wide around the entire aperture, only affects the data in the rim of the 
aperture. This is called a four point and a five point Tukey window, respectively. 
2.2.3 Filtering 
Filtering is required in Fourier transform based NAH (Williams 1999). As stated in 
section 2.2.1 the evanescent waves exponentially grow as the pressure is projected to the 
sources. The growth of the pressure increases with the wave number component of the 
pressure. The high wave number components of the pressure contain the noise. This 
removal of waves takes place ink-space, since the waves are decomposes into their wave 
numbers ink-space. The high wave number pressure data produce the highest spatial 
resolution; therefore, it is necessary to keep some of the evanescent waves. Hence, the k-
space propagator is filtered by selecting the low wave number components and truncating 
the higher wave number components at some cutoff The actual cutoff is difficult to 
determine since the bulk of the energy may be of fairly high wave numbers (Williams 
1999). 
In this thesis, a two dimensional exponential filter IT is employed where the level curves 
of the filter surface are ellipses, 
JI{ kr ,kre) = ll 1 -(1- k I k ) I a - -e r re 2 1 (I-k l k ) l a -e r re 
2 
where, kr is the measure of the distance ink-space, and kre is the elliptic filter cutoff, 
2.17 
2.18 
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k re (k, x , k y , k xe , k ye ) = 
2 2 
k x + k y 
k z k z 
_ x_ + _Y_ 
k xe 2 k ye 2 
2.19 
The parameter a in Equation 2.17, controls the shape of the filter. If a is zero, then the 
filter has a rectangular shape. Figure 2. 5 shows the cross section of the exponential filter 
for two values of a . Combining the filter along with the NAH projection, Equation 2.3 and 
2. 5, the filtered pressure and velocity on a new plane, z, is calculated from the measured 
pressure at the plane, Zc. 
Pfi ltered(kx , ky, Z) = P{ kx , ky , Ze )e ikz ( z-zc) IJ(kr, kre) 2.20 
- _ (k)+ky}+k))P( k x, ky ,ze )e ikz(z- zc) ( ) 
V fi ltered {kx, ky, z)- --------------IJ kr , kre 2.21 
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Figure 2.5 A slice plot through the center of the filter along the x-axis with a filter 
cutoff size of kxc = 25 m·1 shows the behavior of the filter. 
The k-space velocity determines the filter cutoff, although it may be more effective to 
determine the k-space filter cutoff with the k-space pressure. The filter has many 
limitations. As the filter cutoff kre decreases, the pressure and velocity at the source plane 
decrease. An attempt to automate the filtering process as suggested by Williams (Williams 
1999) was not successful; therefore, the filter cutoff size was chosen by trial and error 
throughout most of the thesis . It is not necessary to filter when projecting away from the 
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sources, since the evanescent waves exponentially decay as they are projected away from 
the source plane. 
2.3 Source Selection 
Source selection takes place in step 2 of Figure 2.1. Plotting the velocity and pressure 
of the vibrating source is necessary to analyze the vibrating source. The source is in an 
area, which has a significantly higher velocity than the surrounding areas. The projection 
plots with the colors in linear or dB mappings are quite effective for selecting sources. 
Using the windowing techniques described in section 2.2.2, sources are selected using a 
very small Tukey window. Figure 2.6 illustrates the use of a source selection window. 
0.5 
IJ 
G 
Figure 2.6 
I . 
· ··········•:•··· · :•:•:•:•:•:•:•:•:•:•:•:•:•: Source Selection Window 
.......... ·.•··············· ··············· ,,,,,,,,,,,,;,:::::::::::,::::::::::: :::::::: Source Selection Rim 
0.5 1.5 
(m) 
A source selection window, a Tukey window and a rim, are applied to the 
source velocity on the intermediate source to select a source for removal. 
In general, it is difficult to select the entire source and only the source. Also, the source 
selection process is generally a trial and error process. The location of the source is 
generally known from geometry and simulations and experimental evidence show the 
sources as expected. The outline of the object that is vibrating, shown with white lines in 
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Figure 2.6, can be plotted against the velocity profile of the object to show the locations of 
the vibrating parts. Next the window is selected to surround the source. It is important to 
select the entire source, but generally not much more than the source, because the pressure 
profiles are quite sharp. Sometimes it is necessary to remove multiple sources. Several 
sources can be selected at a time by using several source selection windows on the source 
plane. 
2.4 Reconstructing the Intermediate Source Pressure 
Reconstructing the intermediate source takes place in step 4 of Figure 2.1. There are 
three methods of estimating the pressure on the measurement plane due to the selected 
intermediate source velocity: 1) the inverse NAH method, 2) the point source method, and 
3) the f method. The inverse NAH method and the point source method will be described 
in detail in the next two sections. The f method, which is not yet fully developed, will be 
described in chapter 5. 
2.4.1 Inverse NAH 
Inverse NAH is similar to NAH but the projection is in the opposite direction. 
Projecting away from the sources does not require filtering. Using the z component of the 
velocity on the source plane, it is possible to calculate the pressure on the measurement 
plane. 
2.22 
where k is the direction of increasing z, and zs is the coordinate of the source plane. 
Generally to have good results with a Fourier transform it is necessary to have a signal 
containing several non-zero data points. If a source is represented by only 4 to 16 data 
points inside the source selection window, which happens fairly often in the inverse NAH 
technique, and a two-dimensional Fourier transform has about 1024 data points, then a 
rather sparse Fourier transform must be calculated. Inverse NAH does not require a large 
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selection window for the Fourier transforms to have enough non-zero data points; 
however, the results are much better, if a larger source selection window is used. 
2.4.2 Point Source Method 
The point source method models the radiation from the intermediate source as sound 
radiating from point sources at each of the grid points on the intermediate source plane. 
Each point source is given the velocity, v(x, y), that is the windowed velocity of the data 
on the intermediate source plane. 
2 ikl R - cp ) -i kcv a e \ n n 
n 2.23 
n=l 
where 
2.24 
is the distance from the nth point source to the measurement point, c is the speed of sound, 
v n =v(xon, Yon) is the radial velocity amplitude of the nth point source at position (xon, Yon), 
"a" is the point source radius, k is the wave number, r is the position of the measurement 
point, r0n is the position of the n
th point source, p is the fluid density, ¢n is the phase of 
the nth point source, and m is the number of point sources. The spatial variables are further 
defined in Figure 2.7. The point source radius is the same for every point source in the set 
of point sources forming the intermediate source. The parameter "a" must be optimized, so 
that Equation 2.23 fits the measured data. As will be shown, optimization of the parameter 
"a" depends on the filter cutoff size, source selection window size, projection distance, 
location of the source within the aperture, and frequency. The optimization used in the 
simulated data was done with numerical experiments. The point source method is the most 
studied of the three methods. 
Figure 2.7 
Measurement 
Point 
nth source ______.. 
on the intermediate 
source plane 
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z 
Measurement 
..------ Plane 
Projection distance 
X 
Sketch of the coordinate variables used in Equations 2.23 to 2.24, for the 
point source method. 
2.5 Projecting to the Hidden Source Plane 
The procedure for projecting to the hidden source plane, after removing the 
intermediate source, is the same as the procedure for projecting to the intermediate source 
plane. The NAH equations are applied to the estimated hidden source pressure distribution 
on the measurement plane instead of being applied to the measured pressure. The resulting 
pressure distribution and velocity distribution on the source plane will be estimations of the 
velocity and pressure without the intermediate source present. 
The hidden source pressure and velocity distributions will contain residual contributions 
from the intermediate sources. These residuals can reduce the accuracy of the estimation 
of the hidden source. In this thesis, the accuracy of the estimation of the intermediate and 
hidden sources will be discussed in chapter 3 and 4. For both the point source method and 
inverse N AH methods, the simulated data will be discussed in chapter 3 and experimental 
data in chapter 4. The development and results of the f method are left for chapter 5. 
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3 RESULTS OF SIMULATED DATA 
In the previous chapter, the concept and theory for three source removal methods were 
presented. In this chapter, the results of source removal using the simulated data will be 
discussed for a single source and multiple source distributions. The simulated data is used 
to study the parameters that effect source removal. This section includes a discussion of 
the ability to identify and remove sources near the edge of the aperture and near the center 
of the aperture. Results from the inverse N AH method and the point source method will be 
shown in this chapter. Results of the f method are shown in chapter 5. The f method is 
still being developed. The inverse NAH method was rejected early in the work. So far, 
the most effective and most studied method is the point source method. 
3.1 Simulated Data 
The simulated data is produced by calculating the pressure due to point sources placed 
at selected grid points of the aperture. Often a point source is referred to as a monopole; 
however, the term point source will be used throughout this thesis. The pressure generated 
by a point sources is calculated at each of the grid points on the measurement plane, 
-ikcva 2 eik(R -¢) 
p(r)=------
p R 
3.1 
where 
3.2 
is the distance from the point source to a grid point, c is the speed of sound, v is the radial 
-velocity of the point source, "a" is the point source radius, k is the wave number, r is the 
position of the measurement point, r' is the position of the point source, and p is the 
density of the fluid. Figure 3.1 shows the coordinates used in Equation 3.1 and 3.2. 
Throughout this paper, the simulated data was produced with v = I mis and the point 
source radius of a=0. 005 m. 
Measurement 
Plane is normal 
to z-axis 
/ 
/ 
/ 
/ 
Projection Distance ( zc-zs ) 
Source 
Plane is normal to 
z-ax1s 
y 
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z 
Measurement 
Point 
X 
Source 
Point 
Figure 3.1 Coordinates used for the calculating the simulated data pressure, Equation 
3 .1 and Equation 3 .2. The point source is located below the measurement 
surface. 
Figures 3.1 and 3.2 show how typical simulated data was produced. The x and y 
locations of the grid points are identical on the measurement and source plane. A source is 
represented by four point sources located at the four nearby grid points on the source plane. 
Four points sources are used to produce a pressure distribution that is larger, which is more 
realistic than a single point source. However, there are some instances where a source with 
more than four point sources is used. 
The simulated data was calculated for a 1.5 m by 1.5 m, 32 by 32 point aperture at 400 
Hz. The measurement plane is at z = Zc and the source plane is at z = Zs. Figure 3. 3 shows 
the pressure on the measurement surface at a distance of 10 cm and 20 cm on a line 
through the aperture center. Rather than showing the pressure over the entire surface, in 
Figure 3. 3, the pressure on a slice through the center of the grid is shown. At 10 cm, the 
"" ,d"" 
1.5 m ... 
., 
,. 
"' 
1.5 m 
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Projection of the 
measurement grid 
onto the source plane 
Source represented 
by four point sources 
Figure 3.2 A single source is represented by four point sources located at grid points of 
the aperture. 
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Figure 3. 3 Examples of the sound pressure measured 10 cm and 20 cm from the source 
on the measurement surface with the source in the center of the source plane. 
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flat top of the pressure at the center of the plate is a result of the spatial discretization of the 
measured data. 
The simulated pressure data appearing in Figure 3.3 was processed by the source 
removal programs to get the velocity on the source, step 1 in Figure 2.1. Figures 3. 4 and 
3. 5 show the resulting x, y, and z components of the velocity calculated at the surface of 
the source using only standard NAH. The plots are along lines in the direction of the x-
axis in the center of the aperture. Since the data is axisymmetric, the x and y velocities are 
equal but rotated 90 degrees. 
The velocity data projected 10 cm, shown in Figure 3.4, was processed with a large 
filter 60 m·1, since the evanescent waves did not appear to grow significantly over the 10 
cm projection distance. For the large projection distance of20 cm, shown in Figure 3.5, 
the evanescent waves grow enormously, thus a filter cutoff size of 15 m·1 was chosen to 
reduce the exponential growth of the evanescent waves. Comparing Figures 3.4 and 3.5, 
the accuracy of the process degrades as the projection distance increases; therefore, the 
source velocity is not accurately estimated because of inherent processing difficulties 
associated with projecting large distances. 
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Figure 3.4 An example of the velocity on the intermediate source made with pressure 
data from Figure 3 .3 . The projection distance is 10 cm. The filter cutoff is 
60 m·1. 
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An example of the velocity on the intermediate source plane made with 
pressure data from Figure 3.3 . The filter cutoff size is 15 m-1. The 
projection distance is 20 cm. 
In Figures 3.4 and 3.5, the velocity was not 1 mis in the center of the source, however 
the four point sources, composing the source, were vibrating at 1 mis. This apparent 
discrepancy occurs since NAH assumes a planar source and a point source with an 
arbitrary radius is not sufficiently planar. The discrepancy shows why the source radius, a 
in Equation 2.24 for the point source method must be optimized to improve acoustic 
estimates of the intermediate source pressure. 
The projection distance affects the velocity in other ways. The conditions of the next 
example are similar to the previous example except that the filter cutoff size is kept 
constant as the projection distance is varied. The velocity output from NAH at the source 
surface is shown in Figure 3.6. The velocity in the center of the aperture at the source 
plane does not appear to spread as the projection distance increases. However, the velocity 
grows larger near the edges as the projection distance increases. The abrupt change in 
pressure at the measurement edge, the rim discontinuity, causes the edge to grow large. A 
4-point Tukey window was applied to the pressure to produce this data. The rim 
discontinuity can be somewhat reduced by using an edge window; nonetheless, the edge 
window remains a problem near the edge. The effect of the edge limits the maximum 
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A comparison of the velocity on the intermediate source plane with 
different projection distances is made with a 1. 5 m by 1. 5 m aperture at 400 
Hz, with a filter cutoff size of 50 m-1. 
projection distance. When projecting large distances a small filter cutoff can be used to 
reduce the very large peaks, which develop near the edge as shown in Figure 3. 5. 
However, The small filter causes the amplitude of the velocity at the source plane to be 
very small. If the peak in the center of the aperture is needed, then the small filter cannot 
be used and the data near the edges will grow very large. This was a problem that could 
not be overcome. 
3.2 Removing the Intermediate Source 
In this section, the terminology associated with source removal will be developed, then 
sample data will be used to illustrate the new pressure, reconstructed pressure, and the 
residual velocity. 
The reconstructed pressure is the pressure that is estimated from the intermediate 
source. The new pressure is the reconstructed pressure subtracted from the measured 
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pressure. If there is a hidden source then the new pressure is an estimate of the pressure 
from the hidden source alone. The residual velocity is the velocity on the source plane 
after the sources on that plane have been removed. To quantify the amount of pressure and 
velocity removed by the removal process, some additional terms must be defined. 
The intermediate source velocity is the maximum source velocity on the source plane in 
the vicinity of the source. The vicinity of the source is defined as within I grid point of the 
source selection window. The measure of particle velocity is often reported in dB, VdB, 
where v is the velocity in ml s and v ref = I . 0 m Is is the reference velocity. Velocity 
removed, v removed in dB, is an estimate of the reduction in sound velocity due to source 
removal, 
3.3 
= 101 [Iv int,m,, <hat, I' l 
V removed og I 12 3.4 
V residual 
where v is an estimate of the sound velocity at the intermediate source in m/s, and 
intermediate 
v residual is an estimate of the sound velocity after removal in m/ s. The pressure removed is 
defined with a very similar formula, 
p = IO log[ /Pintermediate '
2 l 
removed IP . 
1
2 
residual 
3.5 
where ~nteremediate is the intermediate pressure in Pa, and presidual is the intermediate pressure 
in Pa. The intermediate pressure is the maximum pressure on the measurement plane in 
the vicinity of the source. The residual pressure is the maximum pressure on the 
measurement plane in the vicinity of the source after the source has been removed. The 
intermediate pressure is the maximum value of the measured pressure in the vicinity of the 
intermediate source. The residual pressure is the maximum value of the new pressure or 
estimated hidden source pressure in the vicinity of the intermediate source. 
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Estimating the sound radiation from the intermediate source alone using the 
point source method. There is no hidden source present. 
Figure 3. 7 shows an example of the measured pressure, reconstructed pressure, and new 
pressure, using the point source method. The projection distance was 2 cm with a filter 
cutoff size of 60 m-1. In this simple case, the reconstructed pressure is a very good 
estimate of the measured pressure, with the two lines indistinguishable in Figure 3.7; 
therefore, the new pressure is roughly 3 5 to 40 dB smaller than the measured pressure. 
The velocity and the residual velocity calculated for the example in Figure 3. 7 is shown 
in Figure 3.8. The filter size for estimating the source velocity was 60 m-1. The residual 
velocity was estimated with three different filter sizes 60 m-1, 45 m-1, and 30 m-1. The 
legend shows the source velocity and the residual velocity and indicates the filter cutoff 
size for the three residual velocities. Often when there is a hidden source it is necessary to 
project to the hidden source with a smaller filter cutoff size to reduce the amount of noise 
in the signal. This experiment does not have a hidden source, so the different filter sizes 
are used just to illustrate the effects of the filter size. 
Figure 3. 8 shows that the source velocity is considerably larger than the residual 
velocity. The residual velocities with the different filters are not very different from one 
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Velocity and residual on the source surface using the pressure data in Figure 
3. 7 is shown. There is no hidden source present. 
another. The residual velocity with the 30 m-1 filter has the most distinct central peak. In 
Figure 3.8, the velocity removed is 30 to 40 dB. In all of the residual velocity curves, the 
velocity trails off as it approaches the edge, from the peak in the center. The residual 
velocity at the edge is 3 0 to 40 dB lower than the residual velocity at the center peak. In 
the next section, some results of the inverse N AH method are shown. The results are 
comparable to the point source method. 
3.3 Inverse NAH Method 
The inverse NAH method was outlined in section 2.4.1. The inverse NAH method uses 
the selected velocity on the source plane and NAH to reconstruct the pressure produced by 
the intermediate source on the measurement plane. The first results to be shown use the 
same case as the results from the point source method in the previous example. 
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Inverse NAH uses a Fourier transform to reconstruct the pressure; however, the source 
selection window can have as few as four points selected to reconstruct the pressure. It is 
anticipated that a typical two dimensional Fourier transform needs more than four nonzero 
data points to produce a smooth pressure reconstruction; therefore, the source selection 
window size was varied first to find the effect of the window size. The window size was 
varied from selecting a 2 by 2 grid of data points in the center of the aperture to selecting 
an 8 by 8 grid of data points. Figure 3. 9 shows the measured and reconstructed pressures 
produced with different source selection window sizes. The measured pressure and the 
reconstructed pressure are about the same. Ideally the reconstructed pressure and the 
measured pressure would be the same, especially in this case when there is no hidden 
source. By comparing Figures 3.9 and 3.7, we notice that the NAH method does not 
reconstruct the pressure due to the intermediate source as well as the point source method. 
In Figure 3.7, the measured pressure and the reconstructed pressure are indistinguishable; 
in contrast, in Figure 3. 9 the reconstructed pressure is much wavier than the measured 
pressure. 
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Several velocity selection window sizes are compared for the inverse NAH 
method at a projection distance of 2cm. There is not a hidden source. 
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Figure 3. 10 shows how the new pressure compares to the measured pressure. As the 
source selection window grows larger the new pressure changes slightly. The new 
pressure and the measured pressure are nearly the same at the aperture edge. Comparing 
Figure 3.10 to Figure 3.7, for the point source method the new pressure was 35 to 40 dB 
smaller than the measured pressure throughout the aperture. However, from the inverse 
NAH method, the new pressure is only between 25 to 30 dB smaller than the measured 
pressure in the center of the aperture, which is another indicator that the point source 
method is better than the inverse NAH method. Also for the inverse NAH method the 
measured pressure and the reconstructed pressure are equal at the edge of the aperture so 
the pressure removed is 0 dB near the edge. 
The source velocity and the residual velocity are shown in Figure 3 .11. The velocity 
removed by the inverse NAH method is 20 to 30 dB . Comparing Figure 3 .11 to Figure 
3. 8, the residual velocity of the point source method is 10 dB smaller than the residual 
velocity of the inverse NAH method. This shows that the point source method does a 
better job of source removal than the inverse NAH method. In the next section, the results 
of the point source method will be directly compared to the inverse NAH method. 
-+- Measured Pressure 
120 •.•.•.•.•.•.•.•.•.•.•.•.•.•.•.•.• .... .... .. •.•·································································· ···· ············ ·· ················ ······ ---8- New Pressure 2x2 
.... b:· .. New Pressure 4x4 
110 -+-------------'-'---~---__, ........ )::: ........ New Pressure 6x6 
m 
"'C 100 -+-----------"-'----____:;_-_ __,····*·····New Pressure 8x8 
I 
90 ~~~~~--~:;;=r,•c• ·-.. ~~~--. --~.,..:.,. 
80 ,._~).?~ •. 
a.. 70 _______ :.W \~ I 
60 -----.----;._.~~.........,..----......----........-----.-----
-0.75 
Figure 3.10 
-0.50 -0.25 0.00 
Position m 
0.25 0.50 0.75 
The measured pressure and the new pressure from the inverse NAH 
method, with a 2 by 2, 4 by 4, 6 by 6, and 8 by 8 point source selection 
window are shown in the plot. 
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The source velocity and the residual velocity from the inverse N AH 
method, with a 2 by 2, 4 by 4, 6 by 6, and 8 by 8 point source selection 
window are shown in the plot. 
3.4 Point Source Method 
In this section, the procedure to calculate the optimum radius for single sources will be 
shown. It will also be shown that the optimum radius calculated from a single source can 
be applied to simulations with multiple sources. The optimum radius is a quantity that is 
surprisingly easy to calculate. The variation of the optimum radius with respect to several 
parameters is illustrated. The aperture size remains the same throughout the discussion of 
the point source method. 
3.4.1 Optimum Radius for Simulated Data 
In the point source method, there is a quantity called the optimum radius. The optimum 
radius is calculated with a single source simulation. In a single source simulation, there is 
only the intermediate source, with no hidden sources. The optimum radius is used with 
both single source simulations and multiple source simulations. The optimum radius 
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depends on several quantities; the filter size, frequency, and projection distance. The filter 
size is a critical parameter in N AH. Rather than perform a study of the filter parameters 
only, the other parameters, such as the optimum radius were studied with different filter 
sizes. 
In order to optimize the source radius, the pressure reconstruction error was minimized, 
p l O 1 [ IPmeasured 1
2 J 
reconstruction error = og 2 · 
IPreconstructed I 
3.6 
where preconstructed is the maximum absolute value of the reconstructed pressure in the 
vicinity of the source on the measurement plane, and Pmeasured is the maximum absolute 
value of measured pressure in the vicinity of the source on the measurement plane. 
The radius optimization was studied with single source pressure distributions, 
consisting of only one array of point sources. The ability to remove a single source is 
dependent upon projection distance, aperture size, and the source selection window size. It 
was found that the source selection window had the greatest velocity removed when it 
selected only the grid points above the source. The optimum radius for the simulated data 
was found by varying the source radius until the pressure of the measured data in the 
vicinity of the source matched the reconstructed pressure in the vicinity of the source. The 
vicinity of the source can be defined as within one grid point of the perimeter of the rim of 
the source selection window. 
After reviewing some preliminary examples, a match was defined as the two pressures 
matching to five significant digits, 
preconstruction error = lOlog((I ± 0.5xl0-5 )2) dB, 3.7 
which corresponds to, 
- 4.34xlo-s > p reconstruction error dB> 4.34xlo-s. 3.8 
Now a study, which illustrates how the radius is optimized, will be presented. 
Four point sources were placed at the center points of a grid 1. 5 m by 1. 5 m using a 3 2 by 
32 data point measurement. The measurement plane is 10 cm above the point sources. The 
point sources are vibrating at 400 Hz. The point source radius, a=0.005 m, was used to 
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calculate the pressure at the measurement surface. Three filters were used for projecting to 
the source surface to see how the filter affected the optimum radius. The three filter sizes, 
Filters 1, 2, and 3, have filter cutoff sizes 50 m-1, 40 m-1, and 30 m-1 respectively. 
Figure 3 .12 shows how the pressure reconstruction error depends on the radius and 
filter size. Each curve in Figure 3. 12 has five to seven points. The data points with a value 
of zero for the pressure reconstruction error correspond with the optimum radius. The 
pressure reconstruction error in dB versus the radius is a straight line since the pressure is a 
second order quantity with respect to the radius. 
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Figure 3. 12 Pressure reconstruction error as a function of the point source radius and 
filter size. There is a single source in the center of the aperture with a 
projection distance of 10 cm. 
Figure 3 .13 shows the velocity removed for the cases in Figure 3 .12. Comparing 
Figures 3 .12 and 3. 13 shows that the maximum velocity removed occurs, when the 
pressure reconstruction error is zero . Therefore, the pressure reconstruction error can be 
used as an indicator of the optimum source radius for source removal. 
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Figure 3 .13 Velocity removed for the cases in Figure 3 .12 shows that the radius for the 
maximum velocity removed corresponds with radius when the pressure 
reconstruction error is zero. 
In the next study, the optimum radius was calculated as the projection distance was 
varied for the three different filters, Figure 3.14. For this data, every wave with a kx value 
over 7.33 m-1 will be an evanescent wave, which decays exponentially as it propagates 
from a source. The maximum k-space component for the experiment was kx = 67 m-1, so 
there will be a great deal of evanescent waves in the k-space spectrum. 
Figure 3 .14 shows that the largest filter has the most variation in the optimum radius, 
also the optimum radius is very consistent for the smallest filter cutoff size, Filter 3. 
However, in general for projection distances greater than 2 cm and less than 10 cm, the 
projection distance has little effect on the optimum radius. Optimum radius data as shown 
in Figure 3.14, can serve as a database for selecting the optimum radius for many 
situations. 
Now the optimum radius will be studied as a function of the frequency . The 
frequencies studied were 245, 395, 1045, 1865, and 2005 Hz, to match with experimental 
data that will be discussed in chapter 4. Two filter cutoff sizes were chosen, 60 m-1 and 45 
m-1. The source size is four point sources in the center of the grid, illustrated in Figure 3.2. 
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Figure 3 .14 Comparison of the optimum source radius for the point source method as a 
function of projection distance and filter size shows dramatic variation in 
optimum radius at very short and very long projection distances. 
Figure 3 .15 shows that the optimum radius changes with projection distance and 
frequency, and depends greatly on filter size. There are four distinct optimum radius bands 
in Figure 3 .15. The bands are broken up into low and high frequencies. 
The low frequency range includes 245 Hz, 395 Hz, 745 Hz, and 1045 Hz, while the 
high frequency range includes 1865 Hz and 2005 Hz. The shorter projection distances 
have a greater dependence on the frequency. Indicating that it is more difficult to predict 
the optimum radius at the shorter projection distances. 
The legend in Figure 3.15 shows the frequency and filter size. The curves with the 
triangular markers representing the filter cutoff size of 60 m-1 are all clustered together and 
the square makers representing the filter cutoff of size 45 m-1 are all clustered together. 
Curves with the 60 m-1 filter cutoff are all below the curves with the 45 m-1 filter cutoff 
The optimum radius is larger for curves with a 45 m- 1 filter size than with the 60 m- 1 filter 
size, because the 45 m-1 filter removes more evanescent waves of the velocity on the 
source surface. The optimum radius is fairly consistent on the range of 4 cm to IO cm. 
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Figure 3 .15 The relationship between the optimum radius and projection distance for 
various filter sizes, frequencies is shown above. 
Since the velocity and optimum radius have an inverse relationship, and the velocity has a 
complicated variation with the projection distance. 
By rearranging the data, Figure 3.16 shows the optimum radius increases with 
frequency . Also the optimum radius decreases as the filter size increases. Notice that the 2 
cm 60 m-1 curve and the 2 cm 45 m-1 curve both increase dramatically with frequency, but 
the 10 cm 60 m-1 curve and the 10 cm 45 m-1 curve are invariant with the frequency. 
Therefore it is concluded, that the dependence of the optimum radius upon the frequency 
decreases as the projection distance increases. 
Now an experiment showing the effect of varying the source size will be presented. 
The source size is denoted by the number of point sources in the source array. Instead of 
using a 2 by 2 array of point sources, now the array will have more points in the direction 
of the y- axis. The point sources will still be located at the grid points of the aperture. The 
source sizes are 2 by 4, 2 by 8, 2 by 12, 2 by 16, 2 by 20, and 2 by 24. In Figure 3.17, the 
independent variable is labeled the number of sources along the y-axis, which corresponds 
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Figure 3.16 The relationship between the optimum radius and frequency for various 
projection distances and filter sizes is shown above. 
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Figure 3 .17 Influence of the filter size, source size, and projection distance on the 
optimum radius is shown above. 
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to the size of the source in the y-axis. Three frequencies are chosen to be studied: 300, 
800, and 1600 Hz. The aperture size remains at 1.5 m by 1.5 m with a 32 by 32 grid of 
regularly spaced data points. The filter sizes are 60 m·1 and 45 m·1. When projecting to 
the surface, the same filter size will be used to project to the source surface after the source 
has been removed. Figure 3 .17 shows that the optimum radius is very consistent and 
almost invariant with respect to the source size, although there is variation with respect to 
frequency, projection distance, and filter size. 
3.4.2 Comparing The Point Source Method and Inverse NAH 
The next study consisted of four coherent point sources located at the four center grid 
points with a radius of a=0.005 m and the velocity at 1.0 mis. Then the pressure was 
calculated at a particular projection distance, frequency, aperture size, density and spacing. 
The simulated pressure data was then projected the source plane. The velocity distribution 
was calculated using NAH. Then the area containing just the four point sources was 
selected for removal. As the projection distance increased, the velocity appeared to spread 
slightly. The spreading was small so only the four points were selected to make the 
experiment more scientific. 
The frequency is 400 Hz and the grid consists of 3 2 by 3 2 data points on a 1. 5 m by 1. 5 
m aperture. As described in Figure 3.2, four point sources were placed near the center of 
the aperture. The velocity was calculated at the source plane. In the velocity distribution 
on the source plane, the four points in the center of the grid were selected for removal. As 
the projection distance was varied from 0.5 to 10 cm, the edge discontinuity caused the 
velocity of the edges to increase. The filter size for projecting the pressure to the source 
plane is 66 m·1. The filter size for projecting the new pressure to the source surface was 
determined automatically by a program, (Williams 1999). 
The automatic filter makes interpolated slices through the log10 of the absolute value of 
the k-space velocity. The interpolated slice starts at the center of the k-space spectrum and 
extends to the edge of the k-space. K-space for a finite Fourier transform is finite and 
truncated to avoid aliasing. The slice was curve fitted to a cubic, then the local extrema 
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were found. If both the max and the min were within the finite limits of k-space and if the 
max was followed by the min, then the min is saved for later processing. For each point on 
the edge of k-space, a slice is made from the center ofk-space to that point and the extrema 
are evaluated. After the process is complete, the min values are averaged and used to set 
the filter cutoff size. The automatic filter tended to choose filter cutoffs that are too small . 
When comparing the point source method to the inverse NAH method, the automatic 
filter failed to produce consistent filter cutoff sizes for both the point source method and 
the inverse NAH method. The automatic filter chose different filter cutoff sizes to project 
the new pressure to the hidden source surface for the two methods. For the inverse NAH 
method, the automatic program selected a much larger filter cutoff size, from 56 m-1 to 66 
m- 1, while the filter size for the point source method was about 25 m- 1 to 3 5 m-1. The 
results are somewhat biased toward the point source method; however, other work 
produced similar results. 
Figure 3.18 compares the velocity removed by the point source and inverse NAH 
methods. The results show that the point source method is more effective at source 
removal than the inverse NAH method, producing 5 to 10 dB more velocity removed. 
Based on this result the inverse NAH method was abandoned as a pressure reconstruction 
method. Throughout the rest of this chapter, only results pertaining to the point source 
method will be discussed. 
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Figure 3 .18 A comparison of the performance of the point source and inverse NAH 
methods for source removal show the point source method is better. 
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3.4.3 Results of Single Source Simulations For the Point Source Method 
In this section, the results pertaining to the velocity, pressure removed, and velocity 
removed are discussed in some detail. In the next simulation, four point sources were 
placed at the center points of a grid 1.5 m by 1.5 musing a grid of32 by 32 data points. 
The measurement plane is 0. 5 to 10 cm above the point sources. The point sources are 
vibrating at 400 Hz. The three filters: Filters 1, 2, and 3, have sizes: 50 m-1, 40 m-1, and 30 
m- 1. For the cases in Figure 3 .19, the velocity calculated at the source surface was studied . 
When a smaller filter is used there are fewer evanescent waves present in the reconstructed 
pressure and velocity. Having fewer evanescent waves causes the source velocity to be 
considerably smaller, thus, the source velocity decreases as the filter size decreases, as 
shown in Figure3 .19. As the projection distance is increased from 10 cm to 20 cm the 
velocity greatly increases for the larger filters. The source velocity for the smallest filter 
remains nearly constant for projection distances from 2.5 cm to 20 cm. The smaller source 
velocity requires a larger optimized radius, explains why in Figure 3 .19, the optimum 
radius increases as the filter size decreases. It has not been understood how to non-
dimensionalize the optimized radius and the velocity. The pressure removed in Figure 
3 .20 and velocity removed in Figure 3 .21 are calculated using the optimum radius from 
Figure 3. 14. Figures 3 . 20 and 3. 21 show that for projection distances greater than 10 cm 
the pressure and velocity removed decreased at a rate of roughly 3 dB per centimeter. The 
pressure removed is approximately constant and does not depend on filter size for 
projection distances of2.5 cm to 8 cm. From 8 cm to 10 cm, the pressure removed 
depends on the filter size. With the smaller filter size, there is a dramatic increase in the 
pressure removed from 8 cm to 10 cm. The larger filter has a small decrease in the 
pressure removed, from 8 cm to 10 cm. 
Figure 3 .21 shows that after 10 cm the velocity removed decreases at a rate of roughly 
3 dB per centimeter of the projection distance for Filters 2 and 3. The velocity removed is 
approximately linear for Filter 1, the largest filter, from 2.5 cm to 20 cm. For Filter 1, the 
largest filter, after 2 cm the removal of the source decreases at a rate of roughly 1.3 dB per 
cm. Filter 1 has the greatest velocity removed and has a dramatic increase in the velocity 
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Figure 3 .19 Source velocity varies with the projection distance and the filter size. 
50 .. . .. •.•····································· ··························-·················· ··················································································-·-·-·-···········-·-···-······-·-·-·-·-·············-·-·-·-·-·-·-·-·-·-··················· .. ··················'··················-·-·-·-·-·-·-·-··-·-·-····· 
,.; .. :;, -~:;:~ 
40 
m -c ·,1. ... , .. ~:::l 
-c 30 (1) "' 
> 0 
E 20 (1) 
f:~;~~ ·-.. 
-+---------------------- - ~:r-;:, - ~ - - ---
(1) -+- Filter 1 -·-·· ,._ 
::, 10 ti) ~-- ····=Wl···· Filter 2 1-- --------------------"11.ll!IIL'----: 
ti) 
(1) ,._ ---A-Filter 3 
a. 0 -+----.,..........--..,...__..--.,...........--,............-......-.----,.---.......--......... --.......,...--.......; 
0 2 4 6 8 10 12 14 16 18 20 
Projection Distance cm 
Figure 3.20 The pressure removed uses the optimum radius provided in Figure 3.14. 
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Figure 3.21 The velocity removed depends heavily on the projection distance and also 
depends on the filter size. 
removed around 7 cm, while the largest filter generally has a smaller amount of velocity 
removed. The velocity removed depends on the projection distance and the filter size. In 
summary, we can conclude that pressure removed depends on the projection distance, but 
has considerably less dependence on the filter size. 
Since the simulated data was noiseless, a filter was not needed for projecting short 
distances to the source plane. In order to project a larger distance, the filter was required to 
reduce the evanescent waves. The optimum filter for simulated data can be illustrated 
from the data in Figure 3 .21. The smaller the filter the greater the velocity removed, 
although some evanescent waves are needed to improve the resolution. The filter just 
needs to make the phase of the velocity in the vicinity of the source sufficiently continuous 
for removal. Choosing a large filter to project to the intermediate source followed by 
choosing a smaller filter to project to the hidden source generally improves identification 
of the hidden sources. 
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Now the frequency, filter size, and projection depth are varied, while the source size, 
aperture size and resolution are constant. The frequencies, 245, 395, 1045, 1865, and 2005 
Hz, were studied to match experimental data that will be discussed in chapter 4. Two filter 
sizes were chosen, 60 m-1 and 45 m- 1. The aperture size is 1.5 m by 1.5 m with a 32 by 32 
grid of regularly spaced data points. The source consists of four point sources in the center 
of the grid as illustrated in Figure 3.2. 
Figure 3 .22 shows that the pressure removed is nearly the same for the different filters 
at the same frequency and projection distance. The velocity, Figure 3.23, removed is also 
nearly the same for different filter sizes at the same frequency and projection distance. The 
lower frequencies have a greater pressure and velocity removed. The 2005 Hz 60 m-1 
curve and the 2005 Hz 45 m-1 curve have nearly the same pressure removed. For the low 
frequencies, the pressure removed is somewhat independent of the projection distances. 
The high frequencies have the least pressure removed. The high frequencies also have the 
least velocity removed. The pressure and velocity removed have considerably more 
variation with respect to projection distance at projection distances around 2 cm. 
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Figure 3.22 The pressure removed uses the optimum radius from Figure 3.14. 
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Figure 3.23 The velocity removed uses the optimum radius from Figure 3.14. 
Next the effect of varying the source size will be presented. The source size is denoted 
by the number of point sources in the source array. Instead of using a 2 by 2 array of point 
sources, now the array will have more points in the direction of the y-axis. The point 
sources will still be located at the grid points of the aperture. The source sizes are 2 by 4, 2 
by 8, 2 by 12, 2 by 16, 2 by 20, and 2 by 24. Three frequencies are chosen to be studied 
namely, 300, 800, and 1600 Hz. In Figure 3.24, the independent variable is labeled 
number of sources along the y-axis, which corresponds to the source size. The aperture 
size remains at 1.5 m by 1.5 m with a 32 by 32 grid ofregularly spaced data points. The 
filter sizes are 60 m-1 and 45 m-1, when projecting to the surface, the same filter size will be 
used to project to the source surface after the source has been removed. 
Using the optimum radii from Figure 3.14, the pressure removed was calculated as a 
function of source size, in Figure 3 .24. The pressure removed is quite consistent for source 
array sizes of 2 by 8 to a 2 by 20; however, the array size of 2 by 4 and the array size 2 by 
24 do not follow the same pattern. When the array is as large as 2 by 24 the outer point 
sources are close to the edge of the aperture and the source removal becomes poor; because 
source removal is nearly impossible near the edge of the aperture. 
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Figure 3.24 The pressure removed as a function of the source size, frequency, and filter 
size. The projection distance is kept at 2 cm. 
3.4.4 Multiple Source Simulations 
In this section, the procedure for calculating the optimum radius for a multiple source 
simulation will be developed, then some examples with two sources will illustrate the 
effect of relative source position and the effect of the aperture edge. Lastly, the accuracy 
of estimating the intermediate and hidden sources will be discussed. 
The procedure for choosing the optimum radius for a multiple source simulation begins 
with establishing the frequency: filter cutoff size, projection distance, aperture size, and 
grid spacing for each intermediate source in the simulation. The next step is to produce a 
simulation where four point sources are placed in the center of the aperture as discussed in 
Figure 3.2. Using the same frequency: filter cutoff size, projection distance, aperture size 
and grid spacing the pressure on the measurement plane is calculated. Next, the point 
source method is used to remove the source. Then the radius is varied as described in 
Equation 3. 8 until the reconstructed pressure error is within the tolerances. The optimum 
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radius for a source in a multiple source simulation is the optimum radius for that particular 
source with the same frequency, projection distance, filter cutoff size, aperture size, and 
grid spacing, for a single source simulation. 
Many studies were conducted to understand the effect of the hidden source and the 
location of the hidden and intermediate sources on the source removal process. In all 
cases, the optimum radius for the typical single source simulation from section 2.2.2 was 
used. 
The source removal process is affected by the location of hidden and intermediate 
sources. The effect of the sources being positioned closer to the aperture edge is studied. 
To study fewer combinations of source positions, three cases were studied. Figure 3 .25 
shows how the intermediate source is positioned above the hidden source. Figure 3 .26 
shows the three cases and how the source positions are altered. In case 1, the intermediate 
source is directly above the hidden source and both sources are successively shifted toward 
the aperture edge. In case 2, the intermediate source is successively shifted to the edge, 
while the hidden source remains in the center of the aperture. In case 3, the hidden source 
is successively shifted toward the edge, while the intermediate source remains in the center 
of the aperture. In this manner, simulations for many combinations of relative positions of 
the two sources were conducted. 
Projection Distance 
( 8 cm) 
Z-axis 
Projection Distance 
( 4 cm) 
sources 
Figure 3.25 The intermediate source is on a plane in front of the hidden source. 
Case 1 
Z-axis 
Measurement Plane 
Intermediate 
Source~ 
Source 
51 
Case 2 Case 3 
Z-axis Z-axis 
Measurement Plane Measurement Plane 
Figure 3.26 The three cases used to study the effect of the hidden land intermediate 
source position on source removal. 
In all cases, the source selection window only selected the four points, that make up the 
source. There was more noise in the projection to the hidden source plane after removing 
the intermediate source. There is some noise created by source removal process, 
associated with reducing the signal and replacing it with erroneous information. Two filter 
cutoff sizes were used since it is necessary to project to two source planes. The filter 
cutoff size to project to the intermediate source is 45 m-1. The filter cutoff size to project 
to the hidden source is 35 m-1. The optimum radius used is 0.02563 m. 
The results for the three cases are summarized in Figures 3.27 and 3.28, which show the 
velocity estimate error, 
l Ol (1v,l'Ourcel
2 J 
V estimate error = O g 2 
lvsscl 
3.9 
where Vssc is the velocity of the single source comparison and Vsource is the velocity at the 
intermediate source before source removal or the hidden source after source removal. The 
velocity of the single source comparison is used as a reference for what the velocity would 
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be, if the other source was not present. Therefore, Vestimate error shows the effect of the 
hidden source on the velocity estimated when estimating the intermediate source and the 
effect of the intermediate source when estimating the hidden source. 
Figure 3 .27 shows the results of the experiment for the intermediate source. The left 
axis shows how well the intermediate source was estimated. For case 1, the intermediate 
source and the hidden source are both successively positioned to the edge of the aperture. 
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Figure 3 .27 The error in estimating the intermediate source with these cases for the 
location of the intermediate and hidden sources versus proximity to the edge 
is shown. 
The intermediate source is over estimated by 5 to 6 dB, since the intermediate and 
hidden sources superpose to increase the pressure and velocity on the intermediate source 
plane. As both of the sources come closer to the edge of the aperture, the velocity estimate 
error increases to 6 dB . In case 2, the intermediate source is successively positioned closer 
to the edge, while the hidden source remains in the center of the aperture. The velocity of 
the intermediate source is over estimated in the center of the aperture by 2 dB, and when 
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the source is 60 percent of the way from the center of the aperture to the edge the source is 
overestimated by more than 10 dB. The effect of the edge is to increase the velocity, 
which causes the intermediate source to be over estimated. 
In case 3, the hidden source is successively positioned toward the edge, while the 
intermediate source remains in the center of the aperture. The effect of the edge is not 
present to the intermediate source in case 1, since the intermediate source is always located 
in the center of the aperture. Since the intermediate source is always in the center of the 
aperture it is always accurately estimated within 2 dB. 
Estimating the intermediate source when there is not a hidden source involves just 
projecting to the intermediate source plane; thereupon, calculating the velocity and the 
pressure. It is more difficult to estimate the intermediate source, when there is at least one 
hidden source. So the concept of estimating the intermediate source has much to do with 
the behavior of the hidden source. The two-source simulation in Figure 3.27 shows it is 
possible for intermediate source and the hidden source to be within 20 cm and get good 
estimation of the intermediate source. Figure 3.27 shows when the intermediate source is 
in the center of the aperture and the hidden source is off to one side, then the estimation of 
the intermediate source is within 2 dB . The intermediate source must remain within 60 
percent of the center of the aperture to be accurately estimated. The projection distance is 
also an issue. If the intermediate source is directly above the hidden source then the 
intermediate source will be over estimated. 
In Figure 3 .28, the accuracy of the estimates of the hidden source velocity is illustrated. 
For case 1, both the intermediate source and the hidden source are both being shifted to the 
edge of the aperture. Now in Figure 3.28 the hidden source velocity is underestimated by -
1 to 10 dB . The hidden source velocity is under~stimated, when the sources are in the 
center of the aperture. The effect of the edge causes the overestimation of the hidden 
source. As seen before in Figure 3 .27 the intermediate source velocity was overestimated 
by 5 to 8 dB, therefore the intermediate source is excessively removed. This results in the 
underestimation of the hidden source. 
In case 2, the intermediate source is successively positioned closer to the edge, while 
the hidden source remains in the center of the aperture. The hidden source is 
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Figure 3 .28 The error in estimating the hidden source with these cases for the location 
of the intermediate and hidden sources versus proximity to the edge is 
shown. 
underestimated by 1 to 2 dB for all positions of the intermediate source. The hidden 
source is always in the center of the aperture so when the intermediate source is located 
away from the hidden source it can be accurately estimated. 
In case 3, the hidden source is successively positioned toward the edge, while the 
intermediate source remains in the center of the aperture. The removal process removed 
part of the hidden source when the intermediate source was removed similarly to case 1. 
The hidden source is underestimated by 1 to 3 dB when it is near the intermediate source. 
When the hidden source is more than 60 percent from the center then the estimate error 
increases to greater than 20 dB. This increase is caused by the effect ofNAH not source 
removal. The increase of source velocity near the edge is caused by the rim discontinuity. 
The two-source simulation shows that it is possible for sources to be within 20 cm of 
each other and be estimated within 2 dB, if the hidden source is within 60 percent of the 
distance from the center of the aperture to the edge. 
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3.5 Optimum Source Selection Window for Simulated Data 
In simulated data with only an intermediate source consisting of just four point sources, 
the optimum window only included the four point sources. With multiple source 
simulations it is possible to select the four point sources and use a rim to improve the 
source removal. When the original source is known, such manual optimization can be 
done well. 
The velocity spreading at higher projection distances did cause the velocity plot to look 
like choosing a larger area would be beneficial, but it generally was not. The optimum 
window was just big enough to select the four point sources. 
The effect of the grid size is necessary to know since it is not always feasible to have a 
32 by 32 grid of data points. A 32 by 32 grid was used for most of the work; however, the 
effect of the grid size was studied. A grid size of 17 by 18 was selected to compare with 
the 32 by 32 grid. The results were the same with only an intermediate source. 
The measured pressure is windowed before it is projected to the source plane. The 
measured pressure was zero padded to 32 by 32 data points. Figure 3.29 shows the 
window function that was used. From Equation 2.6, the window function, w, shows the 
values of the window function in the three regions. The outer edge of the pressure was 
brought to zero by two or three layers of all zeros, inside the layer of zeros, a 4-point 
Tukey window gently brought the pressure to zero. A flat window was used for source 
selection. The source selection window was a flat window with a 2 by 2 area of data 
points. The optimum radius for each case and as Table 3 .1 shows was slightly different. 
To process the 17 by 18 point grid data, the layers of zeros caused the rim discontinuity 
to move toward the center of the aperture. This reduced the velocity removed. Maximum 
pressure removed and velocity removed occurred with the 2 layers of zeros and a 2 by 2 
source selection window. This shows that the rim discontinuity should not be shifted 
toward the center of the aperture. Also selecting just the four points is the optimum source 
selection window. Similar results were found for a 32 by 32 grid size. 
Layers of zeros 
w=O 
4-point Tukey 
window 
O<w< 1 
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All ones in the 
center of the 
window 
w= 1 
Aperture 
Figure 3 .29 The edge window function depends on the three regions. 
Table 3 .1 The edge window size and source selection window size vs. velocity 
removed and optimum radius. 
Size of Source 
Size of Edge Selection Pressure Velocity Optimum 
Window Window Removed Removed Radius 
Points Points dB dB m 
2 2x2 35 57 0.2230 
3 2x2 30 31 0.2257 
3 4x4 22 22 0.2239 
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4 RESULTS OF EXPERIMENTAL DATA 
The purpose of the experiments was to determine how well the point source method can 
remove the intermediate source and estimate the hidden sources. Knowledge gained from 
the simulated data studies can be used to maximize the amount of information gained from 
the experiments. Important conclusions reached from the simulations show that, hidden 
sources behind the intermediate source cannot be identified or estimated. Also the sources 
should remain near the center of the aperture to avoid the rim discontinuity, moreover, the 
pressure trails off to zero at the measurement edge. For this reason, the maximum aperture 
size was used. The vibrating structures were chosen to avoid unexpected vibrations. 
4.1 The Experiments in the Anechoic Chamber 
Since the information gained through this research will be used by Ford to study engine 
noise, the experimental apparatus represents the conditions of an engine on a test stand. A 
hollow box made of medium density fiberboard (MDF) was called the psuedo engine. The 
psuedo engine had loud speakers, and a vibrating plate built into the psuedo engine to 
represent engine noise sources. There was a pipe in front of the psuedo engine to represent 
a vibrating oil pan, exhaust manifold, or drive shaft. 
Two configurations of sound sources were studied. Figure 4 .1 shows the setup for the 
first experiment. In the first experiment, three 16.4 cm diameter speakers were used: one 
behind the pipe, one to the left side of the pipe but in the same plane and one off to the side 
and positioned at an angle relative to the loud speaker. The pipe in the first experiment 
was 5 cm in diameter and 132 cm long. The plate was mounted in a separate chamber 
above the box and driven with a small Bruel and Kj aer shaker. The steel was too thick on 
the plate to produce as much sound as the speakers and the pipe so the plate was ignored in 
the first experiment. 
Broadband white noise was input to each sound source from the same generator, but 
each source had its own amplifier. Using the same generator, but having different 
amplifiers ensured correlated sound sources, while allowing the amplitude of each source 
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In the first experiment, the intermediate source and the hidden sources are 
composed of a box, three loud speakers, a vibrating plate, and a vibrating 
pipe. 
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to be adjusted. A microphone was used to record the sound pressure at each point of a 
regularly spaced grid. The aperture was 1. 5 m by 1. 5 m with a 3 2 by 3 2 grid of data 
points. The data was centered about the center of the sealed box. Figure 4.3 shows the 
projection distance from the measurement plane to the vibrating pipe and the projection 
distance from the measurement plane to the front surface of the box. 
The pressure data is collected by a Masscomp computer, which also controls the 
scanner that positioned the microphone. It took about 8 hours to collect the data for each 
experiment. Figure 4.2 shows the experimental set up in the anechoic chamber for the 
second set of experiments. In the second experiment, the vibrating plate on top of the box 
was removed, and the center speaker was replaced by a vibrating plate. The pipe was 
replaced with a 2.5 cm wide pipe with an attached ;late that was shaped to represent an 
exhaust manifold. A Bruel and Kjaer amplifier was replaced with a Sony stereo amplifier. 
Figure 4.3 shows the projection distance from the measurement plane to the vibrating 
pipe and the projection distance from the measurement plane to the front surface of the 
box. The speakers are mounted on the front surface of the box 9 cm away from the 
measurement surface in the first and second experiments. 
4.2 Single Microphone Data Collection 
A system for making measurements with a single microphone is described by Cheng 
(Cheng 1993). In a single microphone system, a microphone is attached to a scanner to 
measure the sound pressure at the grid points of the measurement plane and a reference 
signal from the input to the amplifier that drives the sound sources is also measured. The 
scanner moves the microphone to each grid point then collects pressure data. From the 
two signals, the complex pressure frequency spectra are calculated at each grid point. 
From this data, the complex pressures at each grid point are obtained at each frequency in 
the spectrum. 
Figure 4.4 shows the schematic diagram of the electronic setup for the experiments. 
The signals begin with the noise generator. The noise generator was a General Radio 
Corporation type 1390-A with a 20 KHz broadband excitation. A model 3550 Krohn-hite 
Figure 4.2 
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In the second experiment, the intermediate source and the hidden sources 
are composed of a box, two loud speakers, a vibrating plate, and a vibrating 
pipe with the psuedo exhaust manifold. 
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Figure 4.3 
Box 
Front 
Surface 
The diagram shows the projection distance to the pipe and the front surface 
of the box for the first and second experiments. The surface of the pipe is 
the intermediate source plane. The surface of the box and the surf ace of the 
speakers is the hidden source plane. 
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analog filter with a 5000 Hz low pass cutoff was used to remove the high frequency noise 
from the signal before it was sent to the amplifiers. A signal from the Krohn-hite filter 
also used as a reference signal. Three Bruel and Kjaer type 2706 power amplifiers were 
used to amplify the signals sent to the speakers, plate, and pipe. 
The 5 cm diameter and 13 2 cm long steel pipe was excited with a Bruel and Kj aer 
model 4809 shaker. The pipe was thin so that it could easily radiate sound. In both 
experiments, the plate was driven by a small Bruel and Kjaer model 4809 shaker. The 
speakers from Radio Shack had a diameter of 16.4 cm. 
A model 4012, half inch, Aco Pacific microphone with 5000 Hz maximum frequency 
measured the sound pressure. The signal was sent to a model ps9200, Aco Pacific 
microphone preamp. The microphone and the reference signals were sent to the model 330 
Ithaca amplifier. Both signals were then amplified and sent to the model 3905 Krohn-hite 
multichannel analog filter. The Krohn-hite multichannel analog filter was used as an anti-
aliasing filter, a low pass filter with a 5000 Hz cutoff Lastly, the sound pressure and the 
reference signal were input to the Masscomp computer and sampled at 10 KHz. The 
Masscomp computer workstation used an IEEE-488 interface to control the model CD4.2 
Klinger Motor Controller, which moved the microphone from grid point to grid point. 
The pressure and reference data was processed and the complex pressure at discrete 
frequencies was calculated from 100 to 2000 Hz. The anechoic chamber has interior 
dimensions of 4.12 m by 4.75 m by 2.11 m. The interior of the anechoic chamber is lined 
with sound absorbing fiberglass triangular prisms that produce a cutoff frequency is 175 
Hz. Reflection of waves from the fiberglass wedges is reduced enough to achieve nearly 
free space conditions within the chamber (Cheng 1993). 
4.3 Examples of the Experimental Data 
There were two experiments conducted and for each experiment three measurements 
were made. In the first experiment, measurements were made: for the speakers and plate 
alone, for the pipe alone, and for the pipe, plate and speakers all excited simultaneously. In 
the second experiment, it was not necessary to take a measurement for all of the objects 
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Electrical signal flow diagram for the first experiment. In the second 
experiment, the Bruel and Kjaer power Amp 3 was replaced with a Sony 
amp tuner and the Krohn-hite analog filter was replaced by a Stanford 
Research Systems, Inc. low pass filter SR640. 
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vibrating simultaneously. Instead, measurements were made: for the speakers alone, the 
plate alone, and for the pipe alone. When the measurement was made with the speakers 
and plate alone the pipe was removed from the anechoic chamber. This ensured that the 
pipe was not radiating or scattering any noise. 
There are two advantages to measuring the pressure with only selected sources radiating 
sound at a time. The measured pressure from the sources radiating independently is later 
superposed. The pressure from the speakers and plate is added to the pressure from the 
pipe. Superposing the sources allows the experimenter to vary the strength of the 
intermediate and the hidden sources so that the influences of the sources can be studied. 
The data with only the hidden source can also be used to determine how well a source has 
been removed by comparing the estimated hidden source velocity, after source removal to 
the exact hidden source velocity. 
After measurements were performed, the complex pressure spectrum was calculated 
using the reference signal as a phase reference and stored in a file . The pressure spectra 
were then plotted for various points to decide what factors to superpose the sound radiation 
from the individual sources and to select the frequencies for analysis. Figure 4.5 is a p[lot 
of the spectra at four arbitrarily chosen points on the measurement grid for the first 
experiment. There are six major peaks caused by the vibrating pipe. Of the six peaks 
three, marked A, B, and C in Figure 4.5, were chosen for analysis to cover a broad 
frequency range. 
The sound pressure at a particular frequency was then calculated over the entire 
aperture, and put into a file for processing by the source removal program. The complex 
pressure at each point was calculated by summing over an approximately 3 0 Hz band 
centered at the frequency of interest. Figure 4.6 shows the amplitude of the measured 
pressure over the entire grid for the 245 Hz peak, marked A in Figure 4.5 . The white 
outline of the box, speakers, pipe, and exhaust manifold are present along with the pressure 
data to help identify the physical location of the sources in Figure 4.6. The figures have a 
linearly interpolated linearly varying color mapping. For the data in Figure 4.6, the 
pressure from the pipe alone was doubled and added to the sound radiated by the speakers 
and plate. The doubling was chosen so that the noise from the pipe would be 
10 dB 
0 
Figure 4.5 
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Plot of the frequency spectra of the first experiment at four randomly points 
in the aperture. There are six major peaks in the diagram; however, peaks 
A, B, and Care the only peaks that were processed. 
approximately the same level as the other sources. The pressure seems to have a peak at 
the vibrating plate. From this plot, it is important to note that the vibrating plate appears to 
be much greater than the pipe and any of the speakers. 
In Figure 4.7, pressure in dB is potted along a slice through the center of the plot in the 
x direction. For reference, the physical size of the pipe is shown with an arrow below the 
x-axis label. Both the data from the pipe alone and the reconstruction of the pipe sound 
using the point source method are shown. Figure 4. 7 shows typical results of the 
reconstructed pressure where the point source method generally produces wider peaks than 
the measured pressure; therefore, it is difficult to remove the pipe since it produces such 
narrow peaks. This is a pit fall of the point source method, since the pipe pressure could 
not be reconstructed with such a narrow peak. 
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Figure 4.6 Pressure at the measurement surface with the pipe doubled and the three 
speakers and upper plate excited at 245 Hz. 
The following example shows how the pressure behaves quantitatively. The example 
comes from the second experiment. The sound pressure from the pipe has been doubled, 
the frequency is 425, Hz. the filter cutoff size is 45 m-1 to project to the pipe, and the range 
of the pipe is -9. 3 cm to -6. 8 cm. 
Figure 4. 8 shows that the new pressure which is an estimate of the measured pressure 
with the plate and speakers alone. The pressure due to the pipe is removed from the 
measured pressure, which causes some major problems with removing the pressure due to 
parts of the plate and the residual pressure becoming larger than the original source 
pressure near the pipe. The new pressure and the measured pressure of the plate and 
speakers alone are fairly close on the right half of the aperture and the left one fourth of the 
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Figure 4.7 The pressure at 425 Hz with a pipe peak much narrower than the peak of the 
reconstructed pressure, shows an inherent problem with the point source 
method. 
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The pressure has a frequency of 425 Hz. The pipe has been removed and 
the peak due to the pipe is not present in the plot. The new pressure is an 
estimate of the pressure due to the plate and speakers alone this slice is 
through the plate. 
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aperture; however, in the center of the aperture, the new pressure is much larger than the 
pressure with the plate and speakers alone. Generally, this problem occurs in the vicinity 
of the source. 
A smaller source selection window often improved source removal. The optimum 
radius is based upon the optimum radius for source removal from a simulation with a 
group of four point sources in the center of an aperture. In section 3 .4 .1, it is shown that 
the optimum radius for four points in the center of the aperture is close to the optimum 
radius for a larger array of point sources. The results of source removal with the optimum 
radius are quite good using the radius from simulated data. Now that the optimum radius 
size can be selected the next section the optimum filter is discussed. 
4.4 Optimum Filter 
The contrast between the intermediate source and the remnants of the intermediate 
source after source removal can be improved by increasing the velocity removed. This 
section describes how to choose the filter cutoff to improve the source removal without 
increasing the noise introduced by the NAH process. 
The phase of the pressure in the vicinity of a source should be quite smooth. In the 
vicinity of a source, the pressure due to that source is dominant over the pressure from 
other sources. So the phase will generally, be smooth close to any dominant source. When 
the pressure is projected to the source plane to calculate the velocity, the velocity also 
exhibits a smooth phase near the source. Of course, a source that is loud enough will 
dominate over every other source in the aperture. In the experiments, some noise sources 
were quite weak, but one source never dominated all the other sources. The smoothness of 
the phase in the vicinity of a source was found to be a good indicator of the best filter. 
When no filter is used to calculate the velocity at the source, the amplitude of the 
velocity increases, but the noise increases more than the signal. Without using the filter, 
the phase of the velocity is smooth in the vicinity of the sources, but noisy everywhere else 
in the aperture. When the filter is used to calculate the velocity at the source, the 
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amplitudes of the velocity are not as large as when the filter is not used. When the filter is 
used the phase of the velocity is much smoother throughout the aperture. 
In Figures 4.9 and 4.10, the phase of the velocity at the intermediate source plane is 
plotted with a linearly interpolated color map. In Figures 4.9 and 4.10, different filter sizes 
are used for projecting to the intermediate source. Different sizes of source selection 
windows are also used to remove the intermediate source, the pipe. The optimum filter 
will maintain a sufficiently smooth phase of the velocity in the vicinity of the source, so 
that source removal is successful, while minimizing the noise throughout the aperture. It is 
important not to over filter, since the velocity removed will greatly decrease. In some 
measured data, the removal was the best without using a filter. 
4.5 The Optimum Source Selection Window 
The size of the source selection window was studied to produce the best source 
removal. The pressure matching method was applied. The pressure matching method is 
no longer used since it was found to be less accurate than its replacement. The 
replacement for the pressure matching method is the use of the optimum radius from a 
simulation similar to the pressure data used for the study comes from the second 
experiment. The pressure at 395 Hz experiment. Both the filter cutoff and the source 
selection window size were varied. The was used. The filter cutoff sizes chosen to study 
were no filter, 60 m·1, and 45 m·1. Both large and small source selection windows were 
studied. Some of the large source selection windows had a rim. The rim was chosen by 
selecting the source geometric boundaries of the source with the window the selecting a 
one-point rim on the long sides of the pipe. It was hoped that the rim could make the 
reconstructed pressure narrower to improve source removal. 
In Figures 4.11 and 4.12, the normal component of the velocity at the source surface is 
shown at the surface of the pipe before removal. The source selection windows are plotted 
to show the actual size of the window and rim. The gray scale is indicative of the velocity. 
Table 4.1 shows some of the results of the affect of the various source selection window 
sizes. The filter size before removal refers to the filter cutoff size used when projecting to 
Figure 4.9 
Figure 4.10 
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0:5 1.5 
(m) 
The phase of velocity without a filter is fairly noisy, but it is smooth near 
the pipe. With a small source selection window, the velocity removed is 22 
dB . 
0.5 1.5 
(m) 
The phase of the velocity is much smoother with a much smaller filter 
cutoff size of 45 m-1, but the velocity removed is only 3.4 dB. Also, the 
pipe was selected with a large source selection window. 
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Figure 4.11 The normal velocity on the pipe surface at 395 Hz is windowed, using a 
small source selection window without filtering to remove the pipe. 
Figure 4.12 
0.5 
0.5 
(m) 
The Large 
Source 
Selection 
Window 
A one-point 
Rim for the 
Window 
1.5 
The normal velocity on the pipe surface at 395 Hz is windowed using a 
large source selection window with a filter cutoff of 45 m·1, to remove the 
pipe. 
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Table 4.1 Pressure and velocity removed are compared for various windows and 
filters. 
Filter Size Filter Size Source Premoved Vremoved Radius 
Before Removal After Removal Selection dB dB m 
m-1 m-1 Window Size 
unfiltered 45 Large 5 22 0.01845 
unfiltered 45 small 4 22 0.01844 
70 45 Larae 3 19 0.01937 
45 45 Large 3 3 0.02348 
the intermediate source plane. The filter size after removal refers to the filter cutoff size 
used, when projecting to the intermediate source plane after source removal. The data for 
Table 4.1 was collected with the pressure matching scheme. The pressure matching 
scheme varies the monopole radius until the measured pressure is equal to the 
reconstructed pressure. This radius is not equal to the optimum radius. The optimum 
radius for the various frequencies and filter sizes are 0.0195 m, for a filter of size 45 m-1. 
A radius of 0.017 4 m should be used for a filter of size 60 m-1. A smaller source selection 
window improves the source removal process. There are some examples of the larger 
window and how the larger window affected source removal. 
4.6 Results for the First Experiment 
Section 4.1 shows the experimental setup for the first experiment. In the first 
experiment, the hidden source was composed of three speakers and a vibrating plate. The 
vibrating plate did not radiate much sound compared to the speakers, also the pipe radiated 
more sound than the speakers. The vibrating plate located at the top of the box did not 
radiate much sound at all. The pressure due to the pipe was doubled and quadrupled to 
study the effect of a very loud pipe. 
Extensive processing of experimental data was done to understand the process of 
identifying intermediate sources, identifying hidden sources, estimating intermediate 
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sources, and estimating hidden sources with experimental data. The frequencies used in 
the first experiment are 245 Hz, 745 Hz, and 2005 Hz. 
In the first experiment, the measured pressure was projected 9 cm to the source plane, 
with a filter cutoff of 60 m-1 and 45 m-1. The source velocity was estimated on the source 
planes, then the intermediate source velocity was used to reconstruct the pressure on the 
measurement plane. The pressure was reconstructed using a source selection window, 
which selected only the pipe. The optimum radius for reconstructing the intermediate 
source came from the simulations in section 3. 4 .1. The new pressure was projected to the 
intermediate source so that the velocity removed could be calculated. Then the new 
pressure was projected to the hidden source plane with filter cutoffs 45 m-1 and 30 m-1, to 
calculate the estimated velocity of the hidden source. This was done to the data, which had 
the pipe, plates, and speakers vibrating simultaneously. The pressure was measured with 
the pipe alone, the plate alone, and the speakers alone. The estimates of the intermediate 
and hidden source pressure and velocity can be compared to the exact values; hence, the 
accuracy of the estimated intermediate and hidden source velocity can be assessed. 
The two filter sizes were used to project to the intermediate and hidden sources. This 
caused a four-fold increase in the amount of data. The two filter sizes were used to 
illustrate that the larger filter cutoffs had better source removal, while a smaller filter cutoff 
size had better source identification. The velocity data was sliced through the pipe and 
speakers to identify and estimate the sources. The velocity in a linear range was used since 
the peaks are not orders of magnitude above the noise in many situations. The units for the 
velocity are mis. Table 4.2 shows the positions of the various vibrating parts of the first 
experiment. Also the ranges of thee area that each covers are shown for the speakers and 
pipe so that they are easier to identify in the slice plots. In this next section, the ability of 
the point source method to identify sources will be discussed. 
4.6.1 Identifying Intermediate Sources 
At 245, 745 and 2005 Hz the peaks in the vibration of the pipe are easily identified. 
Figure 4.12 shows how the slice plots are oriented through the velocity data on the pipe 
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Table 4.2 
experiment. 
The positions and range of influence for the speakers and pipe for the first 
Center Point Range of x Values Range of y Values 
X y <x >x <y >y 
m m m m m m 
Left Speaker -0.22 -0.20 -0.30 -0.14 -0.28 -0.12 
Center Speaker 0.01 0.07 -0.07 0.09 -0.01 0.15 
Right Speak er 0.27 -0.06 0.19 0.35 -0.14 0.02 
Pipe -0.08 0.07 -0.04 0.01 -0.59 0.73 
Plate -0.08 0.30 -0.33 0.16 0.23 0.37 
surface and the surface of the box. The slices were quite difficult to select since the data 
jumps from one slice to another. A document was made which took several slices through 
the area and determined the best slice by looking at the consistency of the peaks and the 
maximum height reached by the peaks. The method was fairly consistent throughout the 
data to get a more objective view of the identification and estimation of the sources. Based 
on these slice plots, the accuracy of the estimation of the intermediate and hidden sources 
was evaluated. 
The legend in Figures 4.13 to 4.24 contains two parts. The first part lists the vibrating 
sources. The second part lists the filter cutoffs used to project to the source. For the 
intermediate sources, only one filter cutoff is necessary. For the figure showing hidden 
sources, two filter cutoffs are necessary. In general, it was necessary to use a smaller filter 
cutoff when projecting to the hidden source plane than to project to the intermediate source 
plane. The velocity in each figure has units of mis. 
Some plots regarding the velocity on the surface of the pipe will be shown next. In 
Figure 4.13, a slice through the pipe is taken and the pipe is easily identified. The pipe 
appears to vibrate in mode five. The center speaker is located at a node. The pipe alone at 
a filter cutoff of 60 m-1 is nearly identical to the pipe with hidden sources at a filter cutoff 
at 60 m-1 curve except for the vicinity of the center speaker. Also the curve with the pipe 
alone at 45m-1 is nearly identical to the curve with the pipe with hidden sources at 45 m-1 
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Figure 4.12 The schematic shows the slices taken through the data to estimate the left, 
center, and right speakers, and also the pipe. 
curve except for the vicinity of the center speaker. This shows that the hidden source 
affects the identification of the intermediate source very significantly, but only in the 
vicinity of the hidden source. The two filter sizes are shown to illustrate the difference in 
the velocity amplitude, noise, and source identification. Using a smaller filter size reduced 
the noise and improved the identification of the noise sources. 
In Figure 4.14, a higher frequency is selected for studying the intermediate source. In 
Figure 4.14, the hidden source affects the identification of the intermediate source in a 
similar manner to Figure 4.13. The pipe appears to vibrate in mode 7 in Figure 4.14. The 
curve of the pipe alone at 60 m-1 is nearly identical to the curve of the pipe with hidden 
sources at 60 m-1 except for the vicinity of the center speaker. Also the curve of the pipe 
0.12 
0.10 
ti) ...... 0.08 E 
0.06 0 
0 
Q) 0.04 > 
0.02 
0.00 
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~:J Pipe Alone 45 1 /m 
.,. "!:r' .,. Pipe with Hidden Source 60 1/m 
.......... ··:::-f-······· ..... Pipe with Hidden Source 45 1/m 
0.00 0.25 0.50 0.75 
Center Speak er Range 
Pipe Range 
Figure 4.13 At 745 Hz with the pipe pressure doubled, the center speaker causes a peak 
in the pipe with hidden sources velocity in the center of the slice plot that is 
not present in the pipe alone velocity. The pipe is easily identified in the 
range outside the vicinity of the center speaker. 
alone at 45 m-1 is nearly identical to the pipe with hidden sources at 45 m-1 except for the 
vicinity of the center speaker. The center speaker is located at an antinode of the pipe. 
This causes the pipe and center speaker velocities to add together to make a large peak. 
This peak could be misinterpreted to be an intense, localized noise source; therefore, the 
source identification fails, when the hidden source and the intermediate source superpose 
constructively. In the next section, estimating the intermediate source will be discussed. 
The results are quantifiable in most situations. 
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Position m 
Center Speak er Range 
Pipe Range 
Figure 4.14 At 2005 Hz with the pipe pressure quadrupled, the center speaker causes a 
peak in the pipe with hidden sources velocity in the vicinity of the center 
speaker is not present in the pipe alone velocity. The pipe is excited at a 
higher mode at 2005 Hz than at 745 Hz. The pipe is easily identified in the 
range outside the vicinity of the center speaker. 
4.6.2 Estimating the Velocity of Intermediate Sources 
The pipe is very well estimated except in the vicinity of the hidden source, the center 
speaker. The pipe is well estimated in situations including; the three frequencies studied, 
when the pressure was doubled and quadrupled, and for the filter sizes of 60 m-1 and 
45 m-1. In Figure 4.15, the pipe appears to vibrate in mode 3. The velocity estimate error 
of the center peak is 5.5 dB for the 60 m-1 filter and 2 dB for the 45 m-1 filter. 
In this study the pipe was radiating more sound than the center speaker. A reduction in 
the ability to accurately estimate the pipe is expected if the intermediate source is not 
stronger than the hidden source. Figure 4.3 shows the accuracy of estimating various pipe 
peaks. The two filter sizes and the three frequencies are shown for the first three peaks. 
-0.75 -0.50 -0.25 
Position m 
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Figure 4.15 At 245 Hz with the pipe pressure quadrupled, the center speaker causes a 
peak in the pipe with hidden sources velocity in the vicinity of the center 
speaker that is not present in the pipe alone velocity. The pipe is well 
estimated in the range outside the vicinity of the center speaker. 
The second peak had the greatest error. The first and third peaks had errors that are less 
than 2 dB. The result in Figure 4.3 shows that the velocity of the pipe can be estimated 
very well. In the next section, the ability to identify hidden sources will be discussed. 
4.6.3 Identifying Hidden Sources 
After the intermediate source is removed, only the hidden source should be present. 
The hidden sources studied were the three speakers and the vibrating plate. The pipe was 
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Figure 4.16 The pipe error of the estimated pipe velocity is displayed for various filter 
sizes and frequencies . 
directly above the center speaker and the right speaker was at an angle. The left speaker 
was far enough away from all the other sources that it tends to be extremely easy to 
identify. 
There are four combinations of filter cutoffs to study, 60 / 30 m-1, 45 I 30 m-1, 60 I 45 
m-1, and 45 / 45 m-1 where the first number indicates the filter cutoff size to project to the 
intermediate source and the second number indicates the filter cutoff size to project to the 
hidden source. Two figures are used to compare the four combinations. Also the exact 
solutions appear in the plots for a much better analysis. 
In Figure 4.17, a slice through the left speaker shows how well the left speaker can be 
identified at a rather sharp filter cutoff The legend has two filter cutoffs the first is for 
projecting the intermediate source and the second is for projecting to the hidden source. 
In Figure 4.18, there is a considerable amount of noise in the pipe with hidden sources 
curves. The affect of the filter cutoff on the ability to identify the sources is tremendous. 
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Figure 4.17 At 245 Hz with the pipe pressure quadrupled and a filter cutoff of 30 m-1; 
there are no sources near the left speaker. The plate causes the small peak 
in the right side of the plot. The left speaker is easily identified. 
The filter is able to reduce several peaks in Figure 4 .18 that do not appear in Figure 4 .17. 
The peaks are caused by evanescent waves that exponentially grow as the projection 
distance increases. The smaller filter cutoff makes it easier to identify the source. 
Unfortunately using a smaller filter cutoff reduces the amplitude of the velocity. The left 
speaker can also be identified in addition to the plate. 
In Figure 4.20, when a larger filter cutoff is used than in Figure 4.19 the amount of 
noise is not greatly increased. The removal of the center speaker is not as complete in 
Figure 4.20. high frequencies. The right speaker can be easily identified from the speaker 
alone curve and There are some rather sharp peaks left over from the center speaker and 
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Figure 4.18 At 245 Hz with the pipe pressure quadrupled and a filter cutoff of 45 m-1, 
the left speaker causes the highest peak in the slice plot. On the right is the 
plate. There is more noise than the slice plot with a filter cutoff of 3 0 m-1. 
the pipe. The amplitudes of the velocity are large at the larger filter cutoffs. 
In Figure 4.21, the right speaker was positioned at an angle and could only be identified 
at the pipe with hidden sources curves. Again the center speaker cannot be identified for 
the pipe with hidden sources curves. Figure 4.21 has very little noise. In Figure 4.22, the 
center speaker is not identifiable since there is so much noise. The right speaker can still 
be identified, although it is difficult. 
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Figure 4.19 At 745 Hz with the pipe pressure doubled and a filter cutoff of 30 m-1, the 
center speaker causes the highest peak in the center of the slice. 
Unfortunately the source removal process aimed at removing the 
intermediate source, the pipe, removes most of the hidden source, center 
speaker. 
In general, it was found that the pipe and center source are both entirely removed at the 
three frequencies studied, the two filter sizes, and for the pipe pressure doubled and 
quadrupled. The size of the filter causes the left center speaker to affect the right speaker if 
there is too much noise. 
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Figure 4.20 At 745 Hz with the pipe pressure doubled and a filter cutoff of 45 m-1, the 
center speaker causes the highest peak in the center of the slice. The source 
removal process aimed at removing the pipe, removes center speaker. 
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Figure 4.21 At 2005 Hz with the pipe pressure quadrupled and a filter cutoff of30 m-1, 
the right speaker causes the highest peak in the center of the slice. The 
center speaker causes the left peak. The right speaker is easily identified. 
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Figure 4.22 At 2005 Hz with the pipe pressure quadrupled and a filter cutoff of 45 m-1, 
the right speaker causes the highest peak at the right side of the slice. The 
center speaker is not identifiable and the right speaker is very difficult to 
identify. 
In the next section, the estimation of hidden sources will be discussed. References will 
be made to slice plots shown for the identification of hidden sources. This will be done for 
the purpose of generalizing the results. Also, many more slice plots of the hidden sources 
will be provided. 
4.6.4 Estimating the Velocity of Hidden Sources 
In general, the estimation of the center speaker is impossible since it is nearly entirely 
removed. This occurs for all of the frequencies studied and all of the filter cutoffs, and 
pipe pressure both doubled and quadrupled. In Figure 4.23, the center source cannot be 
estimated, producing the velocity estimate errors of -19 dB for the 60 / 30 m-1 and -17 dB 
for the 45 / 30 m·1 filter cutoff The hidden source must be off to one side of the 
intermediate source in order to get an accurate estimate. 
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Figure 4.23 At 245 Hz with the pipe pressure quadrupled and a filter cutoff of30 m-1, 
the center speaker causes the highest peak in the center of the slice. 
However the entire center speaker has been removed when the source 
removal process removed the pipe. 
unidentifiable source. The right speaker is only identifiable at very high frequencies like 
2005 Hz. Also, the right speaker was easily identified at a filter cutoff size of 30 m-1, but 
very difficult to identify at filter cutoffs of 45 m-1. In Figure 4.24, the velocity estimate 
-1 -1 
errors are 0.3 dB for the 60 / 30 m and 0.3 dB for the 45 / 30 m filter cutoff 
In general, the left speaker was very well estimated for 425 Hz, 745 Hz, and 2005 Hz 
for the filter cutoffs of 30 m-1, and 45 m-1. The other hidden source, the vibrating plate, 
never produced enough sound to be an important noise source to identify. 
Table 4.3 shows quantitatively how well the hidden sources are estimated in the first 
experiment. The data is broken up into each source, then frequency in the first column. 
Each noise source is assumed to have just one peak. The filter cutoff sizes for projecting 
the intermediate source and the hidden source are shown in the second column. The ability 
to identify the source is given by a single word in the third column. Four words were 
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Figure 4.24 At 2005 Hz with the pipe pressure doubled and a filter cutoff of 30 m-1, the 
center speaker causes the peak in the center of the slice. The center speaker 
does not affect the peak of the right speaker. The right speaker is easily 
identified as the big peak on the right side. 
chosen to describe the peak, "none", "barely", "nice", and "noisy". "None" means that 
there is not a peak. "Barely" means that there is a peak, but it is not significantly different 
from the noise. "Nice" means that the peak is plainly obvious. "Noisy" means that the 
peak is significantly different than the noise, but there is quite a bit of noise surrounding 
the peak. The decibel error column shows how accurately the source could be estimated in 
dB of velocity. 
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Table 4.3 can be used to understand the interaction of the filter sizes, frequencies, and 
relative positions of the hidden sources. It was usually easy to identify the left speaker for 
any filter size and frequency; however, it is impossible to accurately estimate the center 
speaker for any filter size or frequency. It is possible to estimate the right speaker for high 
frequencies, although the table shows that the source could not be identified since the 
signal was on the order of the noise, and so an estimation of the noise peaks can suffice as 
an estimate of the source velocity. 
Table 4.3 This is a table of the velocity removed and hidden source and intermediate 
source estimation errors for the pipe pressure doubled. 
Right Filter Ability to Decibel 
Speaker Size Identify Error 
Peaks m-1 Source dB 
245 45145 none 0.2 
245 45 / 30 barely -0.7 
245 60 / 45 barely 0.6 
245 60/ 30 barely -0.2 
745 45145 none 2.4 
745 45 / 30 barely -2.5 
745 60 / 45 none 0.3 
745 60 / 30 barely -2.4 
2005 45145 none 0.7 
2005 45 / 30 noisy 0.3 
2005 60 / 45 nice 0.7 
2005 60 / 30 noisy 0.3 
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Table 4.3 ( continued) 
Center Filter Ability to Decibel 
Speaker Size Identify Error 
Peaks m-1 Source dB 
245 45 / 45 none -8.7 
245 45 / 30 none -16.9 
245 60 / 45 none -14.4 
245 60 / 30 none -18.6 
745 45145 none -12.8 
745 45 / 30 none -14.5 
745 60 / 45 none -9.6 
745 60 / 30 none -17.7 
2005 45145 none -4.4 
2005 45 / 30 none -11.6 
2005 60 / 45 none -4.2 
2005 60 / 30 none -14.2 
Left Filter Ability to Decibel 
Speaker Size Identify Error 
Peaks m-1 Source dB 
245 45145 nice 1.3 
245 45 / 30 nice -1.2 
245 60 / 45 nice 1.4 
245 60 / 30 nice -1.1 
745 45 / 45 noisy 0.0 
745 45 / 30 nice 1.0 
745 60 / 45 noisy -0.1 
745 60 / 30 nice 0.8 
2005 45145 nice 0.6 
2005 45 / 30 nice 0.1 
2005 60 / 45 nice 0.6 
2005 60 / 30 nice 0.1 
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4. 7 Results for the Second Experiment 
In the second experiment, the center speaker was replaced with a plate and the pipe was 
replaced with a much narrower pipe with an attached vibrating plate used to model the 
shape of an exhaust manifold. There are four vibrating sources in the second experiment: 
the pipe and exhaust manifold, the left and right speakers, and the plate. Table 4.4 shows 
the positions and the area of the plate pipe and the speakers for the second experiment. 
Only a few frequencies were studied in the second experiment. The frequencies 
correspond to pipe resonance as identified by peaks in the pressure spectrum, which 
occurred at 425 Hz, 1045 Hz, and 1865 Hz. 
There were many slice plots made to understand the source removal process for 
experimental data. Many of these plots are reproduced in this chapter. When viewing the 
slice plots, it is vital to know the location of the vibrating noise sources. Also, the relative 
positions of the slice to the location of the sources is important to understanding the 
variation of the velocity and pressure with position. There is a considerable amount of 
spatial variation of the pressure and the velocity. It is convenient to refer to Table 4.4 
when looking at the slice plots to understand the data being presented; however, each plot 
provides a rough estimate of the range for each noise source. Particle velocity is the 
dependent variable of each of the plots. 
Table 4.4 
Left Speaker 
Right Speak er 
Pipe 
Plate 
The positions and range of influence for the speakers, plate, and pipe for the 
second experiment are shown. 
Center Point Range of Values Range of y Values 
X y <x >x <y >y 
m m m m m m 
-0.24 0.24 -0.31 -0.15 -0.32 -0.16 
0.27 -0.08 0.18 0.35 -0.17 -0.00 
-0.08 0.07 -0.09 -0.07 -0.62 0.70 
-0.10 0.00 -0.30 0.11 -0.13 0.12 
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The results for the second experiment were broken up into the same parts as the results for 
the first experiment. Many of the conclusions are the same; however, the pipe vibration is 
more complicated and the complications of the plate vibration are not to be 
underestimated. 
Figure 4.25 shows the outline of the various vibrating parts of the apparatus. Figure 4.3 
shows a digital picture of the experimental apparatus with the parts labeled. The same 
slice is use for both the pipe and the plate. The right speaker slice goes through the bottom 
of the plate. The left speaker slice goes through the plate. The slices went through the 
entire aperture. 
Left Speaker 
0.6 ··· ···••· --• ... . .. .. .... .. .. .. . 
0.4 
0.2 
E Right Speaker 
C 
a 
0 ·m 
a 
0.. 
-0.2 
-0.4 
-0.6 
Left Speaker 
~o.a ,.Q.4 
Second Experiment 
Pipe and Plate 
Right Speaker 
Pipe and Plate 
.;Q,2 0 0.2 0.4 0.6 
Position m 
Figure 4.25 The schematic shows the slices taken through the data to estimate the left, 
and right speakers, and also the pipe and the plate. 
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The next section shows how well the intermediate source can be identified. The results 
for the second experiment were quite interesting and unexpected. 
4.7.1 Identifying Intermediate Sources 
The plate alone does not produce much sound compared to the pipe. So the estimation 
and identification of the pipe are excellent for every condition studied in the second 
experiment. The list of conditions studied includes: three frequencies, two filter cutoff 
sizes, and doubling the pipe pressure and quadrupling the pipe pressure. In the first 
experiment, the center speaker produced enough sound to effect the identification and 
estimation of the pipe in the vicinity of the center speaker. In this experiment the plate was 
not able to make enough sound to effect the identification or estimation of the pipe. Figure 
4.26 shows that the pipe is very easily identified and almost perfectly estimated. In the 
next section, the ability to estimate the intermediate noise sources will be studied . 
0.25 ............................................................. .................................... - - Pipe Alone 60 1/m 
~::i Pipe Alone 45 1/m 
0.20 --------------~___,,, ,.l-5, ,. Pipe with Hidden Sources 60 1/m 
~E · l}:•.,. ·····•):;, ... .... pipe with Hidden Sources 45 1/m ;_;··:, 
i=' 0.15 J . f ,, / '\ /i 
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f \:.,~-.. ' 1 · .. , . _-fl\i\ -~-~ 
0 05 ~. \ " .. ~____:_·~11 -JJ.,__:• --~\+- -
o:oo r~ ~·· -~-~ trzt"~~ 
-0.75 -0.5 -0.25 0 
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0.25 0.5 0.75 
Pipe Range 
Figure 4.26 At 1045 Hz with the pipe pressure doubled, the effect of the plate is very 
small. The pipe peaks are easily identified and they are accurately 
estimated. 
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4. 7 .2 Estimating the Velocity of Intermediate Sources 
In this section, the pipe is the only intermediate source. Figure 4.27 shows that the pipe 
is very easily identified and almost perfectly estimated. The pipe does not appear to 
vibrate in any particular mode. It is believed that the psuedo exhaust manifold causes the 
pipe to not vibrate in any particular mode. The noise coming from the plate is still too 
small compared to the pipes to affect the estimation of the pipe peaks. The pipe alone 60 
m- 1 curve and the pipe with hidden sources 60 m-1 curve are nearly identical. The pipe 
alone 45 m-1 curve and the pipe with hidden sources 45 m-1 curve are nearly identical. The 
velocity estimate error of the pipe peaks is less than 2 dB. The center peak of the pipe with 
the hidden sources is not considered a peak since the center peak does not exist for the 
exact data. 
0.09 - - Pipe Alone 60 1/m 
B Pipe Alone 45 1/m 
-0.75 -0.5 -0.25 0 0.25 0.5 0.75 
Position m 
Plate Range 
Pipe Range 
Figure 4.27 At 1865 Hz with the pipe pressure doubled, the effect of the plate is very 
small. The pipe peaks are very easy to identify. The pipe is easily 
identified and very well estimated. 
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Figure 4.28 shows the accuracy of estimating various pipe peaks. The two filter sizes 
and the three frequencies are shown for the first three peaks. All of the peaks were 
estimated within 2 dB, indicating that the velocity of the pipe can be very well estimated 
for the second experiment. 
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Figure 4.28 The pipe error of the estimated pipe velocity is displayed for various filter 
sizes and frequencies. 
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In the next section, the ability to identify hidden sources is studied. The plate is 
directly behind the pipe. The left and right speakers are far away from other sources and 
the right speaker is mounted at an angle. 
4. 7.3 Identifying Hidden Sources 
There are three hidden sources, the left and right speakers and the plate. In Figure 4.29, 
the removal of the pipe is incomplete so the plate is over estimated. Fortunately the right 
speaker is far enough away from the plate that it is unaffected by the vibrations from the 
plate. At lower frequencies, the right speaker was very difficult to identify. 
0.05 .. ....a.- Speakers Alone 30 1 /m 
•.•....,h:········ Pipe with Hidden Sources 60 / 30 1/m 
0.04 Pipe with Hidden Sources 45 / 30 1 /m .. 
0.01 
0.00 ~~~~~----r---~~~~--,------r___:~~ 
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 
Position m 
Plate Range Right Speaker Range 
Figure 4.29 At 1865 Hz with the pipe pressure doubled and a filter cutoff of 30 m-1, the 
effect of the plate is very small. The left speaker peak is very easy to 
identify and easy to estimate. The right speaker is easily identified. 
Now the filter cutoff is increased to 45 m-1 to illustrate the effect of the filter cutoff size. 
In Figure 4.30, the plate is very large compared to the right speaker. The right speaker is 
barely identifiable; consequently, it cannot be estimated either. The small change in the 
filter cutoff size greatly altered the ability to identify and estimate the hidden source. The 
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Figure 4.30 At 1865 Hz with the pipe pressure doubled and a filter cutoff of 45 m·1, the 
plate has a large effect on the right speaker velocity. The plate noise is 
larger than the right speaker peak velocity. 
effect of the filter size is greater on the hidden source than the intermediate source. The 
velocity at the edge of the slice plot has not increased greatly, so the filter is not too large 
for projection, although it is too large to identify or subsequently estimate noise sources. 
In Figure 4.31, the left speaker is easily identified. The plate is radiating very little 
sound. It was found that the left speaker can be identified when the pipe pressure is only 
doubled. When the pipe pressure is quadrupled, identifying the left speaker is considerably 
more difficult for some of the plots. The left speaker is not very identifiable at 425 Hz 
with filter cutoffs of 45 I 45 m·1 as shown in Figure 4.32. At 1045 Hz with the pipe 
pressure quadrupled, it is difficult to identify the source, but the source, the left speaker, 
can be identified. The left speaker cannot be identified at 1865 Hz with filter cutoff of 45 
/45 m·1 curve when the pipe is quadrupled. For all the other curves at 1865 Hz, the left 
speaker can be identified. Upon increasing the size of the filter by 50 percent, the size of 
the plate greatly increases and the left speaker is still larger than the plate. The left speaker 
peak is no longer a nice well-rounded curve; it has become quite jagged. The pipe with 
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Figure 4.31 At 425 Hz with the pipe pressure doubled and a filter cutoff of 30 m·1, the 
effect of the plate is much smaller than the left speaker peak. 
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Figure 4.32 At 425 Hz with the pipe pressure doubled and a filter cutoff of 45 m·1, the 
effect of the plate is still smaller than the left speaker peak. The left speaker 
peak is very easily identified. 
97 
hidden sources 45 / 45 m·1 curve has a peak above to the right of the plate, which is effect 
of the edge of the aperture. In the vicinity of the edge, the velocity and pressure are not 
realistic. The pipe with hidden sources 60 / 45 m·1 curve is smoother over the whole slice 
than the pipe with hidden sources at 45 / 45 m·1; nevertheless, the left speaker can still be 
identified relatively easily. To the left of the left speaker, there is a peak due to the effect 
of the edge. 
In Figure 4.33, the vibrations of the hidden source, the plate, just below the pipe cannot 
be accurately estimated because the amount of residual noise from the pipe is much larger 
than the velocity of the plate. It was found that in general no attempt to identify or 
estimate a hidden source was ever successful with the intermediate source directly above 
the hidden source. 
0. 030 •··········································· ····· ··········-································· -f.+--> Plate Alone 30 1/m 
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Figure 4.33 At 1045 Hz with the pipe pressure doubled and a filter cutoff of 30 m·1, the 
effect of the plate is very large. The plate cannot be accurately estimated 
since it is so small compared to the pipe. 
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In Figure 4.33, the hidden source, the plate, cannot be identified in part, because of the 
residual velocity of the pipe from the source removal of the pipe. There are two reasons 
why the hidden source cannot be identified when it is behind the intermediate source. The 
first reason is the over removal of the hidden source. The second reason is the scattering 
effect of the intermediate source diffuses the acoustic energy and the point source method 
does not take into account the scattering of the hidden source. In order to accurately 
reconstruct the hidden source, the scattering of the hidden source must be considered. 
In the next section, the estimation of the hidden source will take place. In general, the 
left and right speakers can be accurately estimated unfortunately the plate cannot be 
accurately estimated behind the pipe. 
4. 7.4 Estimating the Velocity of Hidden Sources 
In general, in the second experiment, it was found that the left and right speakers could 
be identified and estimated; unfortunately, it is not always the case. Also, the plate can 
never be identified or estimated from the velocity data. 
In Figure 4.34, the left speaker is easily identified and can be well estimated in most 
cases; unfortunately, the left speaker cannot always be well estimated. When the pipe 
pressure is quadrupled at 425 Hz and 1865 Hz with a filter cutoff of 45 I 45 m-1, the left 
speaker cannot be estimated. This happens because there is a considerable amount of noise 
in those two particular instances. The velocity estimate errors in Figure 4.34 for the left 
speaker are -0.2 dB for the 60 / 30 m-1 and 0 dB for the 45 / 30 m-1 filter cutoff. 
In Figure 4.35, the left speaker cannot be identified, so it is impossible to estimate the 
left speaker. Although the peak that is directly above the left speaker could be chosen as 
the noise source and used to estimate the acoustic velocity of the left speaker; however, the 
method developed in this paper is supposed to be used, only when the origin of the noise is 
unknown. In Figure 4.35, the error in the velocity estimates are 7 dB for the 60 / 45 m-1 
and 4 dB for the 45 / 45 m-1 filter cutoff sizes. 
In Figure 4.36, the right speaker is being estimated. The right speaker is not identifiable 
at 425 Hz, but it is identifiable at 1045 Hz. The right speaker is identifiable for the pipe 
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Figure 4.34 At 1865 Hz with the pipe pressure quadrupled and a filter cutoff of30 m·1, 
the effect of the plate is quite large. The plate peak and the left speaker are 
easily identified and estimated. 
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Figure 4.35 At 1865 Hz with the pipe pressure quadrupled and a filter cutoff of 45 m·1, 
the effect of the plate is huge. The left speaker is difficult to identify 
because of the large nearby peaks from the plate. 
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Figure 4.36 At 1045 Hz with the pipe pressure doubled and a filter cutoff of30 m-1, the 
effect of the pipe is very large since it creates a peak as large as the right 
speaker. The right speaker is easily identified. 
pressure doubled at 1865 Hz and filter cutoff sizes of 60 / 30 m-1 , 45 / 30 m-1, and 60 / 45 
m-1, but not at 45 / 45 m-1. The right speaker is identifiable for the pipe pressure 
quadrupled and 1865 Hz at filter cutoff sizes of 60 / 30 m-1, 45 / 30 m-1, but not at 45 / 45 
m- 1 or 60 / 45 m-1. The right speaker is identifiable for the pipe pressure quadrupled and 
1045 Hz with filter sizes of 60 / 30 m-1, 45 / 30 m-1, but not 45 / 45 m-1 or 60 / 45 m-1. 
In Figure 4.36, the right speaker is easily identifiable and can be estimated, although the 
frequency is only 1045 Hz. The amplitude of the right speaker is the same as the plate. 
Remember that earlier the pipe noise was much louder than the plate noise. The right 
speaker at 1045 Hz is very small although it can be estimated very well. The error in the 
velocity estimates are -1 dB for the 60 / 30 m·1 and -ldB for the 45 / 30 m·1 filter cutoff. 
In Figure 4 .37, the right speaker cannot be identified because of the noise from the 
plate. The right speaker, therefore, cannot be estimated; however, with prior knowledge of 
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Figure 4.37 At 1045 Hz with the pipe pressure doubled and a filter cutoff of 45 m·1, the 
effect of the pipe is the large peak in the center of the slice. It is very easy 
to identify. The right speaker is difficult to identify, since the pipe almost 
totally obscures it. 
the location of the noise source, the velocity estimate errors are -0.2 dB for the 60 / 45 m·1 
and -0.8 dB for the 45 / 45 m·1 filter cutoff. 
In Figure 4.38, the plate cannot be estimated since it is much smaller than the pipe. The 
pipe is entire! y removed when the pipe is removed and the intermediate source scattering 
the sound radiating from the plate is not currently taken into consideration by the 
projection program. 
Table 4.5 shows quantitatively how well the hidden sources are estimated in the second 
experiment. The data is broken up by source, then frequency in the first column. Each 
noise source is assumed to have just one peak. The filters sizes for projecting the 
intermediate source and the hidden source are shown in the second column. The ability to 
identify the source is given by a single word in the third column. Four words were chosen 
to describe the peak, "none", "barely", "nice", and "noisy". "None" means that there is not 
a peak. "Barely" means that there is a peak, but it is not significantly different from the 
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Figure 4.38 At 1865 Hz with the pipe pressure quadrupled and a filter cutoff of 30 m-1, 
the effect of the plate is very small. The pipe peaks are easily identified. 
noise. "Nice" means that the peak is plainly obvious. "Noisy" means that when there is a 
peak, it is significantly different than the noise, but there is quite a bit of noise surrounding 
the peak. The decibel error column shows how accurately the source could be estimated in 
dB of velocity. 
Table 4.5 can be used to understand the interaction of the filter sizes, frequencies, and 
relative positions of the hidden sources. It was usually easy to identify the left speaker for 
any filter size and frequency; however, it is impossible to accurately estimate the plate for 
any filter size or frequency. It is possible to estimate the right speaker for high 
frequencies, although Table 4.5 shows that the source could not be identified when the 
signal was on the order of the noise or slightly above, so an estimation of the noise peaks 
can suffice as an estimate of the source velocity. 
Table 4.5 
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This is a table of the velocity removed and hidden source and intermediate 
source estimation errors for the pipe pressure doubled. 
Right Filter Ability to Decibel 
Speaker Size Identify Error 
Hz m-1 Source dB 
425 45145 none 0.2 
425 45 / 30 barely 2.6 
425 60 / 45 barely 10.1 
425 60 / 30 barely 2.4 
1045 45145 none -0.2 
1045 45 / 30 barely -1.0 
1045 60 / 45 none -0.8 
1045 60 / 30 barely -1.0 
1865 45145 nice 0.3 
1865 45 / 30 nice 1.3 
1865 60 / 45 nice 0.0 
1865 60 / 30 nice 1.3 
Left Filter Ability to Decibel 
Speaker Size Identify Error 
Hz m-1 Source dB 
425 45/ 45 none 1.7 
425 45 / 30 nice 0.6 
425 60 / 45 nice -0.4 
425 60 / 30 noisy 0.1 
1045 45 / 45 nice 1.1 
1045 45 / 30 nice -1.5 
1045 60 / 45 nice -0.1 
1045 60/ 30 nice -1.2 
1865 45145 noisy 1.2 
1865 45 / 30 nice -0.2 
1865 60 / 45 nice -0.3 
1865 60 / 30 nice 0.0 
104 
Table 4.5 ( continued) 
Plate Filter Ability to Decibel 
Peaks Size Identify Error 
Hz m-1 Source DB 
425 45 / 45 none 8.4 
425 45 / 30 none -0.3 
425 60 / 45 barely -7.5 
425 60 / 30 barely -1.6 
1045 45 / 45 noisy 26.4 
1045 45 / 30 barely 14.6 
1045 60 / 45 noisy 15.0 
1045 60 / 30 noisy 12.5 
1865 45 / 45 noisy 22.6 
1865 45 / 30 noisy 15.8 
1865 60 / 45 noisy 17.1 
1865 60 / 30 nice 18.4 
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5 THE F METHOD 
An alternative method to calculate the sound radiated by the intermediate source is 
developed using the inhomogeneous wave equation. The formulation is first presented, 
followed by a description of the numerical methods used, and the results. 
5.1 Overview and Theory of F Method 
The f method is based on the Helmholtz-Huygens Integral, 
1 f - - fff {p(r) ; rwithinS } 
4
'" [Gk(r I r0 )Vop(r0 )- p(r0 )VoGk (r I r0 )]•dS0 + J(r0)Gk (r I r0)dV0 = O,· ,~ routsideS 
5.1 
where Gk (r I r0 ) , is the Green's function, r0 is the position of the point force, r is the 
measurement point, f (r0 ) is a force distribution that will be used to represent the 
intermediate source, S is a surface enclosing the source, p(r) is the pressure distribution 
within the surface S, Vo is the gradient with respect to r0 , and SO is the reflecting surfaces 
within the measurement surface that do not contain the force distribution. The surface S 0 
only reflects sound and can be treated as a boundary condition. In a water and air 
boundary, a Neumann condition is used on S0 . In a solid-air boundary, a Dirichlet 
condition is used on SO • The area S is chosen to go to infinity, so 
Gk= 0 at S, 
and 
-
1
-I[Gk(r lr0)Vop(r0 )-p(r0 )V0Gk(r lr0)]•dS0 = 0 . 4rc] 
This reduces the Helmholtz-Huygens Integral to 
p (r) = Jf f f ( r0 ) Gk ( r I r0 ) dV0 . 
Vo 
5.2 
5.3 
5.4 
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The free space Green's function is used for Gk ( r I r0 ) because it satisfies the Helmholtz 
equation and all of the boundary conditions (Kinsler and Frey 1982), 
5.5 
where R = 1;-r0I and k is the wave number. 
By knowing the force distribution, f(ro), over the intermediate source then the sound 
pressure from the intermediate source can be estimated with the Equation 5. 4 . An equation 
used to calculate the force distribution, f(ro), is derived beginning with the inhomogeneous 
Helmholtz equation, 
where the time harmonic functions with the form eiwt are assumed. Using Euler's 
equation, the gradient of the pressure and the particle velocity can be related, 
- Vp v=--. 
imp 
Taking the divergence of Equation 5.7 
v2 p =;mp v. v. 
5.6 
5.7 
5.8 
The active and reactive acoustic sound intensity I and Q respectively, are defined as 
(Williams 1999) 
I=_!_ Re{pv*} 
2 
Q = _!_Im{pv* }. 
2 
5.9 
5.10 
where the* indicates the complex conjugate. Taking the divergence of the active and 
reactive intensity produces 
-- 1 {- - } V • I = - Re V p • v * + p V • v * 
2 
5.11 
-- I {- - } V•Q=-lm Vp•v*+pV•v* 
2 
5.12 
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Now use Euler's equation to write the velocity in terms of the pressure. Substituting 
V • v and v from Equations 5. 8 and 5. 7 into Equations 5. 11 and 5. 12 produces 
V •l = - 1-Re{vp • Vp* + pV 2p*} 
2wp 
V • Q = - 1-Im{vp. Vp* + pV 2 p*}. 
2wp 
Since V p • V p * is pure real, Im {v p • V p * }=o and Equation 5 .13 simplifies to 
V •/ = -=-!_Im{pV 2p*} 
2wp 
5.13 
5.14 
5.15 
Using the Helmholtz equation, Equation 5.6, V2 p* can be substituted with f* -k2 p*, 
V•/=-=-!_Im{p(f*-k 2p*)}. 
2wp 
Since k 2 pp* is pure real, then Im {k 2 pp* }=o and Equation 5 .16 simplifies to 
- -- -1 { } V •I= --Im pf* . 
2wp 
Substituting f* - k 2 p* for V 2 p* into Equation 5.14 yields 
V • Q = - 1-Re{vp • Vp* + p(J* -k2 p* )} . 
2wp 
Since both V p • V p * and pp* are pure real Equation 5 .18 Simplifies to 
V • Q = - 1-(vp • Vp* -k2 pp* +Re{pf* }) . 
2wp 
Solving Equation 5. 19 for .. v . > and Equation 5. 17 for Im {pf*} yield 
Re{pf* }= 2wpV • Q-Vp • Vp* +k 2 pp* 
and 
Im{pf* }= -2wpV •l. 
Since 
pf*= Re{pf* }+iim{pf*} 
then the force distribution is 
5.16 
5.17 
5.18 
5.19 
5.20 
5.21 
5. 22 
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f = Re{p/" }-:Im{pf"} 5. 23 
p 
which using Equations 5.20 and 5.21 allows the force distribution to be written in terms of 
measurable quantities. 
- -
f _ 2w p(V • Q + iV • /) _ V p • V p * k2 - * * + p . 5.24 p p 
In Equation 5.24, the quantities V • J and V • Q must be calculated numerically. Since 
-only quantities I and Q can be measured, these two terms were further developed in 
hopes of minimizing numerical errors. 
By expressing the pressure as a complex function with a magnitude and phase, 
p(r) = jp(r ~ei¢p (r) alternative equations for I and Q are (Fahy 1995) 
2-
j = IPI V¢p 
2wp 
- IPIVIPI Q=- . 2mp 
Taking the divergence of Equations 5.25 and 5.26 yields 
- - 2IPIVIPI. V9\ + IPl 2 V 2¢p V•l=---------2wp 
- - Vlpl•Vlpl+lplV 2 IPI V•Q=------. 2wp 
5.25 
5.26 
5.27 
5.28 
In Equations 5.27 and 5.28, the terms VIP! and V</JP can be calculated exactly from I and 
Q in Equations 5.25 and 5.26, while only the terms V 2¢P and V 2 1PI must be numerically 
estimated. 
Substituting Equations 5.27 and 5.28 into Equations 5.24 provides an alternative 
formulation for the force distribution, 
VIPI • VIP! + IPIV 2 !Pl + i(21plVIPI • V <p p + IPI 2 V 2 <pp)- V p • V p * 2 
f = * + k p . 5 .29 
p 
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Now V • I and V • Q have been replaced by many smaller terms. Unfortunately some 
numerical derivatives must still be calculated. When using this second formulation, V 2 IPI 
and V 2¢P must be calculated numerically from V¢P and VIPI. The quantity V</JP can be 
calculated exactly from Equation 5.25 
5.30 
while the quantity V2 lpl can be calculated exactly from Equation 5.26 
5.31 
The two quantities V¢P and VIPI can thus be numerically differentiated to calculate V2¢P 
5.2 Numerical Methods for the F Method 
- -The divergence of two terms must be calculated for each of the two methods, I and Q 
for the first method from Equation 5.24, and VIPI and V¢P for the second method from 
Equation 5.29. The divergence is in three dimensions so derivatives in the x, y, and z 
directions must be calculated. 
Figure 5. 1 shows the three planes of data points for calculating f In the z direction, 
finite differences that require two data points were chosen to minimize the amount of data. 
Compared to splines that require about three to five data points to calculate a derivative 
( deBoor 1978). The planes 1 and plane 3 will be used to calculate the finite differences in 
the z direction at plane 2; however, in the x and y directions either finite differences or 
splines can be used to calculate the derivatives. The data in plane 2 was used to calculate 
the derivatives in the x and y directions. 
These data are two-dimensional arrays at z=zl, z=z2, and z=z3 respectively. The finite 
differences in the x and y directions are three point, first order derivatives (Schwartz 1989). 
X 
Figure 5_. 1 
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z 
Plane 1 
Sound 
Source 
Plane 2 
y 
Plane 3 
Three planes of data are used for numerical estimation of the force 
distribution. 
As the flx becomes smaller the accuracy improves until the delta x approaches the machine 
error then the approximation becomes very inaccurate. So the data should be sampled at a 
large enough interval to avoid the noise being the biggest difference between data points, 
but they should be close enough so that the finite differences are sufficiently accurate. 
Calculating f requires more data than calculating the velocity using NAH. NAH only 
requires one array of pressure data; to calculate f requires twelve times this data. Three 
planes of data are needed and at each plane the pressure data and components of vector 
velocity data in the x, y, and z directions. Section 5.3 gives more information on the grid 
spacmg. 
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5.3 Results of Calculating f for Simulated Data 
To calculate the force distribution function, f, the pressure and three components of the 
velocity are needed on three parallel planes for the numerical spatial derivatives in 
Equations 5 .24 and 5 .29. Because f is needed at the surface of the intermediate source, the 
three planes of data are needed as close to the sources as possible. This produced some 
difficulty in calculating the pressure and velocity accurately. Initial work used point 
sources to mimic a vibrating rectangular plate; however, fwould not converge because of 
the discontinuities of the point sources. Continuous sound sources were then used. Before 
presenting the comparison of the different methods to calculate f, the calculation of the 
pressure and velocity using a continuous source is presented. 
5.3.1 Calculating the Radiation from a Continuous Source 
For a continuous source in a rigid baffle, the pressure can be related to the velocity of 
the source by Rayleigh's integral (Williams 1999), 
(
-) -ipck iklr-Fil 
pr = -- f v(j\) j- _
1 
dx1dy1 21l s r -r1 
5.32 
where pc is the density times the speed of sound in the acoustic medium, k is the wave 
number, v(-'i) is the component of the velocity on the source normal to the baffle, 
r = r{x, y, z) is the position where the pressure is being calculated, r1 = r1 {x1 , Yi, z1 ) is the 
position on the surface of the source, Ir - r1 I= ,J(x - x1 )2 + {y- y 1 )2 + (z - z1 )2 is the 
distance between a point on the source and the position where the pressure is being 
calculated, and Sis the surface of the vibrating planar source in Figure 5.2. By taking the 
gradient of Equation 5.32, multiplying by-ipck, using Eulers equation and Equation 5.7, 
and then simplifying, the three components of the acoustic velocity can be calculated, 
Figure 5.2 
Normal velocity of 
the vibrating source 
X 
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z 
Measurement Point 
r 
y 
Geometry for the calculation of the pressure in Equation 5. 41 
Initially, a circular plate vibrating with a uniform velocity was used; however, the 
discontinuities at the edge of the source caused convergence problems. Therefore a 
5.33 
5.34 
5.35 
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circular vibrating piston with a velocity profile of a raised cosine in an infinite baffle was 
used 
5.36 
The integration in Equations 5. 3 2 to 5. 3 5 was performed by high order Gauss 
quadrature. A program that calculates the base points and weights for any order of 
standard Gauss quadrature was given by (Wilson and Turcotte 1997). By studying the 
convergence of the numerical solution, it was found that an order of 560 is more than 
sufficient to calculate the pressure and velocity at a distance of 2 mm or more from the 
source. An order of 120 is sufficient for pressure and velocity more than 2 cm away from 
the source provided a sufficiently large dz is used for the finite differences. These orders 
produced maximum errors in the real and imaginary parts of the calculated pressure and 
velocity on the order of 1 o-6 percent relative error. The higher order quadrature was more 
accurate. 
For all the work presented here, a 25 cm radius circular source, a= 25 cm, centered in a 
1 m by 1 m aperture vibrating at 400 Hz was used. The distances from the measurement 
plane to the source plane was studied at 2 mm, 2. 5 mm, and 3 mm. 
5.4 Studying the Methods to Estimate the Force Distribution 
Two separate formulations for calculating fwere developed, Equations 5.24 and 5.29, 
with the hopes that one method would have the smallest effect of the finite difference 
approximations. The results for the two methods are first compared. The "div I" in the 
legend of Figures 5.3 to 5.7 uses Equation 5.24 to calculate f, which has the term V • I and 
V • Q calculated with a finite difference approximation. The "div grad abs Pres" in the 
legend of Figures 5.3 to 5.7 uses Equation 5.29 to calculate f, which has the divergence 
terms calculated with only the terms V 2 1PI and V 2¢ calculated with a finite difference 
approximation. 
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First the two methods are compared as the size of the grid is changed from either a 32 
by 32 grid of measurement points to a 128 by 128 grid of measurement points. As the 
number of grid points increases, the distance between points decreases since the aperture 
size is kept constant. Therefore, this study effectively looks at the spacing between grid 
points that is needed for estimations of the divergence and laplacian to converge. The 
three planes of data are located at zc = 2 mm, zc = 2. 5 mm, and zc = 3 mm. 
Figure 5.3 shows results on a slice through the center of the aperture. The data is 
symmetric about the center of the aperture since the source was centered in the aperture. 
While each method produces a slightly different solution for f, the results for 128 grid 
points closely matched the results with 3 2 grid points. The real parts of the two methods , 
Figure 5. 4, match much better than the imaginary parts of the two methods, Figure 5. 5. 
While these results show a difference between the two methods, they do show for this case, 
the 3 2 by 3 2 points grid is sufficient. The differences between the results of the two 
methods are not well understood, however, the two methods are numerically different in 
that different quantities are differentiated, which may explain the discrepancies between 
the two methods. 
The purpose of the next study is to examine the effect of the hidden source on the 
calculated values off. In the next study, two sources are present, an intermediate source 
and a hidden source. Earlier it was found that in a two-source simulation with the 
intermediate source above the hidden source that both the intermediate source and the 
hidden source were removed. The reason for inventing the f method is to find out if the 
hidden source has a smaller effect on f than the velocity. If f is less sensitive to the hidden 
source than the velocity used in the point source or inverse NAH methods, then the f 
method may be more successful at removing the intermediate source without removing as 
much of the hidden source. 
The location of the three planes of data for the intermediate source is the same as the 
location for the convergence studies. Since there is more than one source, the position of 
the source will be referred to by just the first plane. The intermediate source is 2 mm 
below the measurement plane. The hidden source is successively moved to 2 cm, 4 cm, 6 
cm, and 8 cm below the measurement plane. By superposing the pressure at 2 mm and 2 
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Figure 5.3 The force distribution function shown uses Equations 5.24 and 5.29, 
measured 2.5 mm above a circular piston. "div I" corresponds to Equation 
5.24 and "div grad abs Pres" corresponds to Equation 5.29. 
cm, the effect of the hidden source at 2 cm on the intermediate source at 2 mm can be 
quantified. Superposing the pressure and velocity from the two sources produced the data 
for the pressure and velocity that are used to calculate f. The effect of the hidden source is 
studied by comparing the result for fwith the hidden source to the results for fwith the 
intermediate source alone. 
In Figure 5. 6, the curve labeled "intermediate source alone" is the same as the curve in 
Figure 5.3 labeled "32 by 32 div grad abs pres." The overall shape off in Figure 5.6 is not 
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Figure 5.5 Imaginary part of the Force distribution function presented in Figure 5.3 
117 
1 . 6 E +05 ·············· ········································· ·························•·············--·----- ·-------W-----·-·-·-·---------·-·-·---·----·-----·--·--·-···-·-----·- --+- hidden source at 2 cm 
....a-- hidden source at 4 cm 
1.4E+05 
1.2E+05 
.,..,·l:-:·· ..... · hidden source at 6 cm 
.,.,-,+fw;•, hidden source at 8 cm 
E cu 1.0E+05 ------------+-;' ,____~; ~~== ========,~ 
a. 
-- 8.0E+04 -t---------,.,; ;...-~=--..z,....,_________.. - -------· - 6.0E+04 -+---------- ,----,,=- ---"'Ir- ,.,.,__-----------< 
U) 
4.0E+04 - - - ---~ ------------'!~ ------: 
2.0E+04 --- -------------II,-'.•~-------; 
0.0E+00 ·•·-~· ~~~~:..=........,...........--,----,---....---~~~~~~ 
Figure 5.6 
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 
Position m 
The effect of the hidden source on the force distribution calculated at the 
intermediate source is very significant. 
affected by the hidden source, but the amplitude increases as the hidden source moves 
closer to the intermediate source. Even when the hidden source is 8 cm below the 
intermediate source the hidden source substantially contributes to f. Clearly the hidden 
source affects f. 
In Figure 5. 7, the ratio of the peak f value to the reference f value is plotted, also the 
ratio of the peak velocity value to the reference velocity value is plotted as a function of 
distance between the hidden and intermediate sources. The reference f value is twice the 
peak f value for the intermediate source alone since there are two sources, also the 
reference velocity value is twice the peak velocity value for the intermediate source alone. 
Figure 5.7 shows that f does decay faster as the hidden source is moved away from the 
intermediate source. Therefore, the hidden source has less impact on the f method than on 
the velocity; however, the difference is not great, and suggests that there may be little 
advantage to the f method. The hidden source may still be removed when the intermediate 
source is removed using the f method. 
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The effect of the hidden source on the velocity and fare calculated at the 
intermediate source plane. The velocity is affected by the hidden source 
more than f 
5.5 Calculating the Reconstructed Pressure from the Force 
Distribution 
The pressure radiated from the intermediate source is estimated for the source removal 
using the force distribution function, using Equations 5. 4 and 5. 6. This is a volume 
integral; however, the force distribution is calculated on a plane, so that the variation in the 
z direction is not known. By assuming that f does not vary in the z direction, the integral 
perpendicular to the plane can be approximated as L\z; however, an appropriate value for 
L\z is not known. A time consuming approach to determine L\z would be an iterative 
process of computing the reconstructed pressure starting with a guess of L\z. Each iteration 
of this process would calculate the reconstructed pressure, compare it to the known 
solution, and update the guess for L\z. When the tolerance on the reconstructed pressure is 
met the iterations would be complete and the reconstructed pressure and L\z would be 
known. The Greens function, Equation 5.5, varies considerably as r approaches ro . When 
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integrating over a point in the source where the pressure is being calculated, r is the closest 
to ro. The Green's function is nearly constant when r >> ~z. This is not true ifk is large 
since the function becomes highly oscillatory. A limit on k should be found. Provided that 
k is not huge the Green's Function should be nearly constant, for r >> ~z. 
It is assumed that the Green's function can be assumed to be constant over the limits of 
integration in the z direction. This will produce an error. The error can be broken up into 
two types of errors, the amplitude error and the phase error. The phase error was 
thoroughly studied. The amplitude error has not been studied. The volume integral can be 
expanded for a square, 
5.37 
The Green's function is nearly constant for values of r greater than r0, which is the case for 
most x and y sufficiently far away from xo and Yo, so the error involved should be very 
small. Therefore, the volume integral in Equation 5. 4 is recast as a double integral. The 
double integral is then multiplied by 2~z to account for the contribution over the limits of 
integration in the z direction, 
5.38 
Now ~z must be determined in a fashion similar to the optimum radius. Since noise 
control is interested in the noisiest parts, the measured pressure should have a peak in the 
vicinity of the source. This peak can be matched to the peak of the reconstructed pressure 
in the vicinity of the source. So ~z can be calculated as follows 
2~z = pmeasured . 5.39 
preconstructed 
The result of the optimization process on ~z will be the ability to quickly reconstruct the 
pressure due to a force distribution. 
The phase error created by the assumption in Equation 5.38 has also been studied. The 
phase of the z direction is evaluated at the point r and the variation of ~z is assumed to be 
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negligible. A one-dimensional model of the effect of the assumption is made. The double 
integral part of Equation 5. 3 8 disappears. So in one dimension, Equation 5. 3 8 reduces to 
5.40 
The exact integral in one-dimension is 
z0 =/;;.z 
p ( z) = ff ( z O ) Gk ( z I z O )dz 0 5.41 
Zo=-/;;.z 
So the phase error can be defined as 
phase error = angle[ 'T r:-;·: dro J- angle(eikr) 
r0 --ru 0 
5.42 
Equation 5. 41 can be simplified to 
5.43 
where c; = _!_ and c;0 = .32_. The resulting integral can be evaluated numerically and those & Llz 
results can be curve fit. The following curve fit quantifies the phase error for one 
dimension 
where 
phase error=kAz -25e-1°K-l ------( 
( ) 19.99 1 J 
K-0.1 2K 
r 
K=-
LJz 
5.44 
5.45 
where the units of the phase error are degrees, r is the distance from the source point to the 
measurement point, Az is the limits of integration of Equation 5. 4. Figures 5. 8 and 5. 9 
show quantitatively how the curve fit error compares to the calculated error. In Figure 5.8 
and 5.9 the kAz factor is one, so only the curve fit part of Equation 5.44 is plotted. When 
Az or k is large or is small then the phase error is large. In Figure 5. 8, the absolute 
Az 
value of the error of the curve fit phase error is at most 3 degrees, so the curve fit is a good 
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The curve fit phase error and the calculated phase error are plotted. Also, 
the difference of the curve fit phase error and the calculated phase error is 
plotted. 
estimate of the phase error. In Figure 5. 8 the phase error with k11z = 1. From a study 
presented later in this section, a .1z of 2.37 cm is calculated. 
The variation of .1z with frequency and aperture size is not known, although the .1z 
calculated later in this chapter was not in the range of Figure 5. 9. In Figure 5. 9, the 
maximum error of the curve fit is less than 0. 5 degrees. The error of the curve fit remains 
very small as the increases to infinity. In Figure 5.9, the measured pressure is given 
.1z 
by the fuzzy pattern overlapping the black curve fit error curve. 
In the following study fwas calculated at the source plane, then the pressure due to f 
was calculated with Equation 5.38, with k = 6.7 m-1, .1z = 0.0237 m, r = 0.02 m, and 
considerably different than the phase of the exact pressure. The estimated phase error from 
the approximation of .1z _E__ = 0.842 . Initially the 2.1z is neglected, then the peak of the 
& 
reconstructed pressure and measured pressure are matched using Equation 5. 3 9. Figure 
5. 10 shows that the magnitude of the reconstructed pressures are quite similar in shape to 
the exact pressure, the div grad abs pressure method matches the shape of the magnitude of 
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Figure 5.9 The curve fit phase error, the calculated phase error, and the difference of 
the two are plotted. The absolute value of the difference curve is less than 
0. 5 degrees on this range. So the curve fit phase error is a good estimate of 
the calculated phase error. The phase error is shown for k~z = 1. 
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Figure 5 .10 The reconstructed pressures have a shape very similar to the exact pressure. 
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Figure 5 .11 The reconstructed pressure is out of phase with the exact pressure. The 
phase errors are caused by the difference in the terms that are numerically 
differentiated. 
the exact pressure better than the div I method. In Figure 5 .11, the phase of the 
reconstructed pressures is unknown. It is not known what caused the phase errors in 
Figure 5. 11 . It is assumed that the numerical computations off are the major source of the 
discrepancies, between the two ways of calculating f. 
The data in Figures 5. 10 and 5. 11 was used to remove the source, therefore calculating 
the new pressure, shown in Figures 5.12 and 5.13 . In Figure 5.12, the new pressure for the 
div I method is much larger than the new pressure for the div grad abs pressure method 
indicating that the div grad abs pres method has better source removal, in this case by 9 
dB. The div grad abs pressure method removes 15. 6 dB of pressure in the center of the 
aperture. Figure 5 .13 shows that the phase for the new pressure of the two methods is 
similar but shifted similarly to the reconstructed pressure. This is entirely because the 
phase of the reconstructed pressure from the div I method is closer to the phase of the exact 
pressure, as shown in Figure 5.11 . 
The f method can be used to calculate f near the source. The two methods for 
calculating f produce slightly different results. The cause of the differences lies in the 
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Figure 5. 12 The new pressure of the div I method is much smaller than the new pressure 
of the div grad abs pressure method. 
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Figure 5. 13 The phase of the new pressure for the two formulations are similar but 
appear to be shifted. 
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formulations of the two methods. The methods take derivatives of different quantities. A 
study showed that the f method is affected less by hidden sources than the velocity by 
about 0.5 dB. The very slight improvement is hardly worth the effort. Further study was 
conducted to use the f method for source removal. 
The volume integral over f can be simplified to a two dimensional integral. Llz must be 
tabulated similarly to the optimum radius. When integrating over fthe Green's function is 
not constant in the z direction so a formula estimating the maximum phase error was 
derived. When the f method was used for source removal with simulated data, the 
reconstructed pressure from the div grad abs pres method matched the measured pressure 
in amplitude and phase better than the div I method. The difficulty with integrating over f 
and the amount of data it takes to calculate f makes fan unattractive alternative to the point 
source method. 
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6 CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 
The objective of this research project was to estimate the amount of sound coming from 
a noise source, which is hidden behind an intermediate source. An approach was taken to 
separate the sound radiation coming from the intermediate and the hidden sources. A 
method was developed to remove the sound due to the intermediate source; however, both 
the intermediate and the hidden source were removed, when the hidden source was directly 
behind the intermediate source. If the hidden source was off to the side of the intermediate 
source, then the hidden source could be both identified and estimated accurately. In this 
chapter the major conclusions from this thesis will be briefly discussed followed by 
suggestions for future work. 
6.1 Conclusions 
After removing the intermediate source, there is a considerable decrease in the part of 
the signal, which is not noise. Processing the data adds noise to the simulated data. The 
exponentially growing evanescent waves and the effect of sharp peaks in the data 
especially near the edge of the aperture on Fourier transforms greatly increase the noise to 
signal ratio. For simulated data, a filter is not necessary to project to the intermediate 
source since there is not any noise. To project to the hidden source, after removing the 
intermediate source it may be necessary to use a much smaller filter to reduce the noise. 
The filter size must be large enough to produce the desired resolution. Also the amount of 
energy in source radiation decreases as the filter cutoff size decreases. 
The source selection window also had an influence on the simulated data. The source 
selection window must be big enough to encompass the entire source, but not so big that it 
selects parts of the neighboring sources. It was found that a smaller window would have 
better source removal than a large source selection window. The source selection window 
was a very significant issue in deciding whether or not to abandon the inverse NAH 
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method. Results of the simulated data from the point source method and the inverse N AH 
method caused the inverse NAH method to be abandoned. The point source method had 
better source removal than the inverse NAH method; however, the data proving it is 
somewhat biased toward the point source method. The bias is not so great that the inverse 
NAH method would have been proven to be superior if the bias was not present. 
In chapter 3, it was shown in three cases that the intermediate source and hidden source 
could be identified and estimated, provided that they were not above and below one 
another and that they were sufficiently far away from the edge. The sources were 
sufficiently far away from the edge, if they were less than 60 percent to the edge from the 
center. The amount of source removal decreased, as the sources were placed closer to the 
edge of the aperture. 
The results of the source removal depended very heavily on the use of the optimum 
radius, in the point source method. The dependences of the optimum radius on the relative 
source position with respect to the edge of the aperture were fairly small. The optimum 
radius depended heavily on filter cutoff size, frequency, and projection distance especially 
if it was less than about 4 cm. The frequency had a dependence on the optimum radius 
which was opposite to the projection distance. The filter cutoff size effected the optimum 
radius by increasing or decreasing the optimum radius equally over all frequencies. 
After calculating the values for the optimum radius and understanding how to choose 
the optimum filter cutoff size and the optimum source selection window size, it was 
necessary to see how well the point source method could achieve the desired results. 
The point source method of source removal is capable of locating both intermediate and 
hidden noise sources, but only under certain conditions. This includes identifying and 
estimating noise sources. Rank ordering noise sources can be accomplished after 
estimating the noise sources. Hidden sources cannot be identified or estimated very well, 
when the hidden noise source is directly behind other noise sources or near the edge. 
Now that the conclusions for the simulated data have been thoroughly explored it is 
time to turn our attention to the conclusion regarding the experimental data. The 
intermediate source in the experimental data can be removed by the point source method. 
First it was necessary to establish a way of comparing the results of the source removal 
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process. Unfortunately, there is no exact velocity data to compare with the velocity 
estimates of the intermediate and hidden sources. Therefore an error estimate was defined 
as the error of the velocity of the hidden sources calculated for pressure data with the 
intermediate source and without the intermediate source. 
A method for choosing an optimum radius, optimum filter, and optimum source 
selection window were established so that source removal process could be adequately 
monitored. The optimum radius could be calculated from simulated data under similar 
condition such as frequency, projection distance, filter size, aperture size, and number of 
data points. The optimum radius from the simulated data works quite well with the 
experimental data at removing the intermediate source. A trial and error process found the 
optimum filter cutoff size for the experimental data. The phase in the vicinity of the source 
selection window needed to be smooth enough for the reconstructed source pressure to be 
calculated. The filter cutoff size for projecting to the intermediate source was quite large. 
This maximizes the amount of energy available for reconstructing the intermediate source. 
The filter cutoff to the hidden source is much smaller to reduce the amount of noise. 
The optimum source selection window chose the source and only the source because 
the vibrating pipe was very narrow and the reconstructed source needed to be as narrow as 
possible to reconstruct such a narrow source. It was found that the velocity from the 
psuedo exhaust manifold was to little to apply source removal to the psuedo exhaust 
manifold. The pipe noise source definitely required the use of the source removal. When 
selecting a source for removal, it is best to choose just the areas with the highest velocity 
amplitude. Results were greatly improved through a trial and error process of adjusting 
processing variables. 
The main results for the experimental data come from estimating the intermediate and 
hidden sources, and identifying the intermediate source. The pipe could be well identified 
and estimated provided the estimate was not near the center speaker. The center speaker 
could not be identified or estimated because it was removed along with the pipe. Under 
most circumstances the left speaker could be identified and estimated. The right speaker 
could only be identified easily at high frequencies in particular at 2005 Hz. The right 
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speaker was very easily identified and estimated, and even at high frequencies; however, if 
the filter was too large the plate obscured the estimation of the right speaker peak. 
The results of the second experiment are quite similar to the results for the first 
experiment except that the center speaker was replaced with a plate. The pipe could be 
well identified and estimated. The plate could not be identified or estimated. Under most 
circumstances the left speaker could be identified and estimated. The right speaker could 
only be identified easily at higher frequencies, 1865 Hz, if the filter was too large the plate 
obscured the estimation of the right speaker peak. There are two reasons why the hidden 
source cannot be identified, when it is behind the intermediate source. The first reason is 
the over removal of the hidden source. The second reason is the scattering effect of the 
intermediate source diffuses the acoustic energy and the holography does not take into 
account the scattering of the hidden source. In order to accurately reconstruct the hidden 
source the scattering of the hidden source must be taken into account. 
A third method, for source removal called the f method, was also explored. The 
quantity f the force distribution, which comes directly from the Helmholtz equation, is a 
scalar quantity with the physical meaning of a point force applied to a finite volume in free 
space. Two formulas for calculating f were derived. The two methods were named the 
"div grad abs pressure" method and the "div I" method. Both of these methods relied upon 
pressure and velocity data on three planes to estimate f through finite differences or spline 
derivatives. After deriving formulas for f, a distribution of point sources was chosen to 
represent a vibrating plate. It was decided to calculate the pressure and velocity data with 
the measurement plane close to the source plane. Unfortunately the method did not 
converge, using point sources, so it was necessary to use a continuous source-- a vibrating 
piston with a raised cosine velocity distribution. 
After producing the pressure and velocity data, f was calculated for the two methods, 
using data from the continuous source. Several projection distances were chosen. It was 
found that the two methods of calculating f produce somewhat different results, while the 
amplitudes off for the two methods was quite similar, the phase of the two methods was 
different. A more interesting result was that f is affected by the hidden source less than the 
velocity by about 0.5 dB. 
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A volume integral is used to calculate the pressure on the measurement plane due to f 
The integral was reduced to two dimensions by assuming that the thickness in the z 
direction is very small and that f does not vary with z. Since the function is approximately 
constant on the interval multiplying by 2dz is sufficient to integrate in the z direction. The 
analytical result of the integral in the z direction was compared to the method with the 
constant assumption. There is an associated phase error and amplitude error when 
choosing the dz; however, a formula to correct for the phase error was developed. The 
amplitude error has not been studied yet. The f method successfully removed 15.6 dB of 
pressure from a continuous source. The div grad abs pressure method is 9 dB more 
effective than the div I method. The amount of data needed to calculate f is 12 times the 
amount needed for the point source method. The computational time needed to perform 
the double integral over f and the difficulty of tabulating dz under various conditions make 
the f method less attractive than the point source method. 
6.2 Future Research 
After finding a noise source, it must be removed to identify the hidden noise sources. 
More work could be done with the point source method. First back track to why the 
inverse NAH method was abandoned. The abandonment of the Inverse NAH method was 
shown in section 3.4.3. The abandonment was based on a plot that varied the filter cutoff 
sizes. The optimum filter had been used. The point source method had a somewhat 
misleadingly high velocity removed measured in dB since the filter cutoff for projecting to 
the source plane after source removal was smaller than the filter cutoff for the inverse 
NAH method. Some data was made later that showed the point source method still 
removed at least 7 dB more than the point source method. This data could be revisited to 
produce a more accurate plot showing the differences of the inverse NAH method and the 
point source method. 
The point source method has not been completely studied. There continues to be 
several aspects of the point source method that should be studied. The sources studied so 
far have been in phase with the same amplitude. Studying the out of phase sources with 
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different amplitudes would give a better idea of how the point source method would react 
to real world situations where there are many noise sources that have different phases and 
amplitudes. In the experimental data it was found that a hidden source that is as powerful 
or more powerful than the intermediate source could severely limit the ability to identify 
and estimate the intermediate source. The intermediate source is easier to estimate when it 
radiates much more sound than the hidden source. Hidden sources that are more powerful 
than intermediate sources should be studied. 
The study of the optimum radius has been conducted for only an aperture that is 1 m by 
lm and a grid of 32 by 32 data points. The study could be expanded to include several 
aperture sizes grids for the data points, filter size, frequency, and projection distance. It 
would be useful to produce a more comprehensive study of the optimum radius, if the 
point source method is going to be used in the future. 
Unfortunately, the filter cutoff size is still found by a trial and error process. More 
work is needed to automate filtering and with aperture windowing. A better aperture 
window may make it easier to optimize the filter. The big problem with the automated 
filter that was tested was the tendency at high projection distances to become 
unrealistically small. A more sophisticated aperture window may cause the automated 
filter to reduce the noise yet provide enough acoustical energy at the hidden source plane 
to study the hidden source. 
There is another method of source removal the f method, which also deserves some 
attention. The amplitude error for the integration over f could be studied to produce a 
simpler function for the ~z used for integrating over f. Studying f with the NAH data is an 
important step toward using f for source removal. Lastly the point source method and the f 
method should be compared to choose which is the better method. 
In addition, there may be some new methods of source removal that are superior to the 
point source method and the f method. The new methods should overcome the problems 
with the two existing methods. Both the point source method and the f method remove the 
hidden source entirely when the hidden source is behind the intermediate source. The idea 
for removing the intermediate source without removing the hidden source is to come up 
with a method for separating the velocity from the intermediate source from the velocity 
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from the hidden source. Then project the velocity of the intermediate source to calculate 
the pressure on the measurement plane. Such a method has not been developed yet. 
Also, the pressure peaks due to the point source are rather wide, however the peaks 
from the measured pressure from the pipe were quite sharp. Integrating over the source 
velocity with Gauss quadrature may produce a sharper peak. Use gauss integration over 
the source to reconstruct the intermediate source pressure on the measurement plane. 
The following technique is experimental and will show how to estimate the hidden 
source. Use a laser vibrometer on the surf ace of the intermediate source to measure the 
velocity directly. This method would be very time consuming and would use more 
equipment. The NAH method could then project to the surface of the intermediate source 
with the estimated intermediate source pressure subtracted from the measured pressure to 
produce the velocity at the intermediate source without the intermediate source present. 
This would produce accurate velocity data at the intermediate source plane. 
The hidden source that was behind the intermediate source was entirely removed, the 
source removal was only supposed to remove the intermediate source. The hidden sources 
that were off to the side of the intermediate source were not removed. In many cases the 
hidden sources off to the side of the intermediate sources could be accurately estimated. 
This accurately estimated hidden source velocity could be called the outlying velocity. 
Using the outlying velocity, perhaps the vibration patterns of the hidden source can be 
reconstructed. This means to use a transfer function from the outlying velocity to the 
velocity of the removed hidden source. Understanding the vibrations of the removed 
hidden sources is the ultimate goal of this research. 
Another approach to removing the pipe involves boundary elements in a different way. 
Using the accurately estimated velocity data for the intermediate source, the mode of a 
intermediate source may be inferred. After determining the velocity profile for the 
intermediate source, boundary elements can be used to calculate the pressure at the 
me3 asuaremnt plane due to the vibrating intermediate source. 
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